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 1 
Abstract 
Severe dehydration is lethal for most biological species, however there are a number of 
organisms which have evolved mechanisms to avoid damage during dehydration. One of 
these mechanisms is the accumulation of small solutes (e.g. sugars), which have been shown 
to preserve membranes by inhibiting deleterious phase changes at low hydration. Specifically, 
sugars reduce the gel to fluid phase transition temperatures of model lipid/water mixtures. 
However, there is debate about the precise mechanism, the resolution of which hinges on the 
location of the sugars. 
An experimental investigation into the effects of small solutes on the phase behaviour of 
phospholipid membranes is presented in order help identify the mechanisms by which solutes 
facilitate desiccation tolerance. Differential Scanning Calorimetry (DSC) was used to 
determine the first comprehensive phase diagram for the synthetic phospholipid DPPC over a 
wide range of hydration and solute molar ratios between 0.1 and 1.0 sugars per lipid. Over the 
same range of hydrations and solute molar ratios Small Angle X-Ray Scattering (SAXS) was 
used to measure the structural parameters of the membrane bilayers necessary to determine 
both the phase of the membrane lipids and the location of the solutes. SAXS was also used to 
conduct the first comprehensive study of the effect of solutes on the kinetics of the fluid – gel 
transition of DPPC over a range of both hydration and solute ratios. Finally, contrast variation 
Small Angle Neutron Scattering (SANS) was used to quantitatively determine the location of 
the solutes. 
 
Data from these complimentary techniques are presented which show a monotonic 
relationship between both transition temperature and repeat spacing with respect to solute 
ratio. This relationship exists between solute:lipid molar ratios between 0.1 to approximately 
0.5, after which higher ratios of solute are shown to have no further effect on either the bilayer 
repeat spacing or transition temperature. It is proposed that the exclusion of small solutes into 
sugar/water micro-phases external to the bilayer can account for this behaviour. 
 
A theoretical model previously used to describe membrane phase behaviour at low hydrations 
is modified to account for the presence of solutes between membrane bilayers. This model is 
shown to be in quantitative agreement with the experimental data up until approximately 0.5 
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sucrose molecules per lipid, the point of solute exclusion. Once exclusion is taken into 
account, the model is quantitative over the whole range of sugar molar ratios. 
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Chapter 1  
Introduction 
 
1.1 Background  
 
Liquid water is a vital component for life. One of the aspects of (liquid) water that makes it 
such a vital solvent for biochemical reactions is its ability to hydrogen bond with itself and a 
wide range of biologically relevant molecules.  It is therefore critical for cellular function that 
the water be both available, and in the liquid state. As most biological tissue is made up 
largely of water (~ 80 %), the removal of water (dehydration) is lethal for most organisms. In 
nature cellular dehydration can occur either: (i) by equilibration to ambient vapour pressure; 
or (ii) as a consequence of freezing. 
 
(i) Desiccation in air. When desiccation occurs by equilibration with dry atmospheres, water 
from the bulk aqueous solution is first removed. This leads to an osmotic gradient between the 
inside and outside of the cell, and this causes water to diffuse across the membrane to 
maintain an osmotic pressure balance. As the intracellular water volume reduces, the cell 
starts to contract. Once the cell has contracted sufficiently, the cell membranes (internal 
membranes as well as the plasma membrane) may be brought into close proximity.  
 
(ii) Freeze-induced dehydration. If freezing occurs inside cells (intercellular ice formation – 
(usually as a result of very fast cooling rates)) it is almost universally lethal [1-4]. However, 
even extracellular ice formation can be deleterious to cellular function. When freezing occurs 
by the slow cooling rates that occur in nature (typically of order degrees per hour), water 
external to the cell generally freezes first [5, 6]. During extracellular ice formation the 
crystalline structure of the ice excludes most solutes, increasing the extracellular solute 
concentration and thus increasing the osmotic pressure external to the cell [5]. The cell now 
experiences a freezing-induced dehydration from which hydrations as low as ~10 %  
(by weight) are possible [5].  In this respect, the effects of freezing can be very similar to 
desiccation. 
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In either case, severe dehydration, either by freezing or by desiccation, is generally lethal for 
biological organisms. There are however a number of organisms that have demonstrated 
varying degrees of resistance, or tolerance, to being frozen and/or desiccated [7, 8]. In 
addition to low temperature tolerance, some plants also demonstrate acclimation to sub-
freezing temperatures - if the temperature is decreased slowly over a period of time a number 
of physiological adaptations will occur to prevent cellular damage [9-12]. In contrast, if the 
same species experiences a sudden drop in temperature, over the same temperature range, it 
may be lethal. 
 
Whilst our understanding of the mechanisms of damage during dehydration and freezing is 
still incomplete, application-driven research has continued and resulted in a number of 
practical adaptations in the field of cryobiology. These can be categorised into four main 
areas: (i) Lyophilisation – the “freeze-drying” of bio-products, such as vaccines [13] or the 
blood substitute Liposome Encapsulated Haemoglobin (LEH) [14], so that they can be made 
stable at room temperatures for easy transportation and storage. The lyophilisation process is 
reviewed in [15] and [16]; (ii) Cellular and DNA cryopreservation – the long-term storage of 
blood [17], donor cells [18], tissues [19] and organs [20] for transplantation. As well as the 
storage of reproductive material such as oocytes (eggs) [21], ovarian tissue [22], spermatozoa 
[23, 24] (the cryopreservation of many reproductive cells and tissues reviewed in [25]), and 
also the storage of the DNA of endangered species (gene banking) [26]; (iii) Cold adaptations 
in plants – Understanding the cold hardiness/acclimation of plants to enable the mod+ication 
of crop species to be cold and/or frost resistant [27-29]; (iv) Cryosurgery – a minimally 
invasive technique used to kill unwanted tissues, for examples cancers [30, 31]. Cryosurgery 
is reviewed in [32]. 
 
Despite progress on several fronts in understanding (and minimizing) dehydration and 
freezing damage, there is still a great deal we do not understand. In particular, it is well 
known that solutes such as small sugars can reduce damage to membranes during dehydration 
and this has been correlated with their accumulation in dehydration/freezing resistant species 
in nature (see section 1.2). However, this effect is not completely understood. This project 
aims to further our understanding of the effects that sugars have on minimizing dehydration 
damage and to develop simple models to describe their effects. This will be achieved by 
quantitatively investigating the effects of sugars on the phase behaviour of a model membrane 
system using a number of experimental techniques, including experiments designed to 
determine the location of the sugars in dehydrated membrane system. It is hoped that a greater 
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understanding of the function of sugars in desiccation and freezing tolerance will help 
facilitate the development and improvement of the applications previously described.  
 
1.2 Role of solutes in preventing dehydration damage 
 
There are a relatively select group of plants and animals that are tolerant to freezing and/or 
desiccation. These include a number of small soil dwelling animals such as nematodes, 
rotifers and tardigrades [33-35], brine shrimp [36],  some insects and frogs [37], a large 
number of plant tissues (seeds, pollen and fungal spores) [38, 39], as well as a small number 
of mammalian cells. Most of these freezing/desiccation tolerant species have high 
concentration of small solutes in their cells [9, 38-42] relative to non-tolerant species.  
 
In most cases these solutes are small carbohydrates such as soluble sugars (eg glucose, 
sucrose, trehalose, fructose, etc.)  or sugar alcohols (eg sorbitol or glycerol).  Sucrose, and 
trehalose (a non-reducing disaccharide of glucose) [33, 38, 41], as well as combinations of 
both arbutin (a derivative of hydroquinone) and sucrose [43, 44] have all been observed in 
various (high) concentrations in numerous desiccation tolerant (resurrection) plants. During 
cold acclimation in plants, sucrose and raffinose are the most prevalent solutes observed [9]. 
Trehalose is also observed in high concentrations in desiccation tolerant (anhydrobiotic) 
animals, and glycerol is observed in nematodes, insects and brine shrimp [33, 45].  A range of 
solutes have been used effectively as cryo- and lyo-protectants in laboratory studies, 
including all of the aforementioned sugars as well as combinations of solutes, including 
sucrose [46], sorbitol [46] hydroxyethyl starch (HES) in combination with glucose [42], 
arbutin [47] and dimethyl sulfoxide (DMSO) [48].  
 
One of the mechanisms by which small solutes such as sugars can confer tolerance is by 
preventing, or lowering the temperature of, deleterious phase transitions in the cellular 
membranes [41, 49-52] (discussed in section 1.3). 
 
Whether dehydration is caused by freezing or desiccation, osmotic dehydration leads to cells 
collapsing in on themselves, which in turn results in the membranes of the cells, and the 
membranes of the internal cell structures and other polar surfaces, being brought into close 
proximity. At close distances (of order a few nm)  large repulsive hydration forces develop 
between the membranes [53, 54]. This gives rise to large compressive stresses in the plane of 
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the membrane [55, 56] which can force the phospholipids (see section 1.3) into pressure 
induced (pseudo 2-dimentional) phase transition.  
 
In order to understand these effects, it is necessary to review the basics of membrane phase 
behaviour at low hydration. 
 
1.3 Lipid membranes at low hydration 
 
The primary damage that occurs to cells as a result of freezing or desiccation results from 
damage to the cellular (plasma) membrane (see [57] for a detailed review). As such, most of 
the research in this area has focused on the plasma membrane and in particular the molecules 
that make up the membrane. Cell membranes have three primary functions: first to provide a 
semi-permeable barrier to physically contain and protect the contents of the cell; second to 
maintain an osmotic pressure differential (only relevant in plant cells) between the inside and 
outside of the cell; and third to provide a structure which allows proteins to function. As 
shown in figure 1.1a, membranes are made up predominantly of a bilayer of amphiphilic 
lipids with proteins interspersed among the lipids (shown in figure 1.2). Broadly, lipids are 
characterised by a hydrophilic head group, oriented on each outer surface of the membrane, 
and two or more hydrophobic tails facing inwards in the membrane. The composition of cell 
membranes are complex and varied, with many species being represented (eg phospholipids, 
sphingolipids, sterols, etc) [58]. The most widely studied lipid systems and the most abundant 
in biomembranes are the phospholipids, and these will be used to frame the following 
discussion. 
 
Phospholipids can exist in a number of difference phases [5, 59-63]. In living organisms the 
phospholipids in the cellular membrane are primarily in a fluid phase (figure 1.1a). In the case 
of normal living organisms the cells and the phospholipid bilayers are fully hydrated so the 
membranes are (relatively) very far apart such that the aforementioned hydration forces are 
not in effect. In this fluid phase, although still constrained within the bilayer, the 
phospholipids have a certain degree of freedom for lateral movement in the plane of the 
membrane. The hydrocarbon chains of the tail are also less constrained in the fluid phase.  
 
When dehydration occurs, either by desiccation or extracellular ice formation, the membranes 
will be forced into closer proximity as intermembranous water is removed. Further 
dehydration continues to remove water from between the membranes, until further approach 
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is opposed by the very strong short range (~ nm) hydration force [55, 64]. The origin and 
measurement of these hydration forces are reviewed in [53]. The large suctions that result 
from severe desiccation can overcome the hydration forces and continue to reduce the volume 
of the intermembranous water. This results in large compressive stresses developing in the 
plane of membrane. These stresses act to reduce the area per lipid, and makes the transition to 
the gel phase more energetically favourable [64] (figure 1.1b). In the gel phase the lipid head 
groups are held closely, and rigidly together, such that there is no longer any significant 
lateral movement possible. The lipid tails are elongated and also held straight and rigid. 
Although the gel phase is not necessarily harmful for the cell and the transition is usually 
reversible, it can be a precursor to other much more harmful and potentially deadly phases.  
 
From the gel phase, if temperature and/or hydration are further reduced the phospholipids 
may undergo another transition into non – bilayer phases (eg the inverse hexagonal phase 
(figure 1.1c)) [5, 63, 65-67]. In the inverse hexagonal phase the lipid head groups form around 
thin channels of water, structured on a 2D hexagonal lattice. 
 
 
 
 
Figure 1.1 Representations of lipid bilayers in three phases; fluid (fig 1.1a), gel (fig1.1b) 
and inverse hexagonal (fig 1.1c)1. Images from[5]. 
 
 
 
                                                 
1
 In phospholipid membranes the gel, fluid and inverse hexagonal phases are also known as 
the Lα, Lβ’ and HII phases respectively. For consistency and ease of reading the worded 
descriptions will be in this thesis 
 
Fig 1.1a Fig 1.1b Fig 1.1c 
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Figure 1.2 Shows a progression from a lamellar membrane phase (top) to an inverse hex 
phase (centre) and a possible outcome of re-hydration, forming a void in the 
plasma membrane (bottom). Image from [68].  
 
Leakage of cellular contents through the plasma membrane is one of the main indicators of 
cellular death [5]. With that in mind, the presence of non-bilayer phases (eg inverse phases) is 
potentially lethal for the cell in two ways: first it makes it possible for the contents of the cell 
to leak out; and second, formation of the hexagonal and other inverse phases makes it is 
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possible for the membranes of adjoining cells to fuse. Then, upon re-hydration, the 
membranes may not return to their original form. The membrane may reform with voids (see 
fig 1.2), or may combine with the membranes of other cells to form completely new, but non-
functional, cells. Hence although the inverse phases are often reversible in model systems, 
their formation in living tissue would usually result in severe cellular damage or death. The 
gel phase, although usually less lethal than the inverse phases, is still undesirable in itself. By 
the time the lipids in the membrane have undergone the transition into the gel phase the 
membrane are already in close proximity and under stress. This can alter the semipermeability 
of the membrane and lead to the exclusion of membrane proteins, disrupting protein function 
[68], as well as lead to phase separation of membrane components [56, 69]. Normal biological 
function requires that membrane stresses are kept low enough to avoid all these effects. 
 
1.4 Effects of solutes on phase behaviour 
 
The observation of higher concentrations of solutes (discussed in section 1.2) in large 
numbers of anhydrobiotic organisms was first made about half way through the twentieth 
century [36, 45, 70]. It was not until the 1970s, however, that a feasible explanation was 
developed to attempt to explain the function of solutes in desiccation tolerance [7]. The 
explanation, which became known as the “water replacement hypothesis” (WRH), suggests 
that certain sugars (specifically trehalose) can replace water around the polar groups of 
phospholipids by hydrogen bonding with them [71, 72], and filling the space between the 
headgroups. In doing so the sugars would stabilize the membrane at low hydrations by 
maintaining the lateral spacing between the head groups, thus inhibiting the transition to the 
gel phase (which requires a smaller intra-lipid spacing). According to the model, this then 
delays the onset of phase transitions and thus helps avoid membrane damage in dry systems.  
Experiments later confirmed that there were indeed direct interactions between the OH of 
trehalose and the phosphate head groups of dry phospholipids (DPPC), which were 
interpreted as being due to hydrogen bonding [41, 71]. Although the concept of trehalose 
hydrogen bonding with membranes is not at all controversial, the explanation provoked 
significant debate in the 1990s, as alternative explanations were proposed. First there was 
evidence that vitrification of sugars plays an important role in inhibiting the fluid-gel phase 
transition [73] and in desiccation tolerance [74]. Second, there was growing evidence that 
sugars other than trehalose could also inhibit the transition [39, 49, 51, 73, 75, 76], and that 
effects of trehalose were not qualitatively different from other sugars, as had previously been 
claimed [77]. 
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A theory to explain all of these effects, developed from the late 80s onwards, came to be 
called the “Hydration Forces Explanation” (HFE). This theory states that the inhibition of the 
fluid-gel transition is due to the ability of (non-vitrified) sugars to increase the membrane 
separation, and thereby reduce hydration forces and reduce the compressive stress in the 
membrane (see [5] for a detailed review). The differential effects of sugars (and other small 
solutes) are determined by non-specific physical properties. Any solute increases the entropy 
and lowers the chemical potential of their solution, thus all solutes can have an osmotic effect 
[5]. Thus, simply the presence of solutes between membrane bilayers increases hydration (at 
fixed relative humidity). During dehydration, solutes between the membranes also have a 
volumetric effect. At very low water contents the volume of the solute can physically prevent 
the close approach of the membranes [5, 56, 64]. This also helps to reduce the onset and 
severity of hydration forces between membranes which in turn contributes to delaying the 
onset of phase transitions in the membrane. 
 
The HFE also explained the effects of vitrification - during dehydration the viscosity of the 
solution rises with the increase in solute concentration. When viscosity rises to approximately 
1014 Pa·s the solution vitrifies resulting in a metastable solid called a glass [78]. Vitrification 
of sugars has been shown to have a dramatic effect on the phase transition temperatures of 
dehydrated phospholipid bilayers, in some cases decreasing the transition temperature to 
below that of a fully hydrated membrane. [51, 73, 79]. The HFE explains this effect by 
suggesting that the intermembranous glass provides a mechanical resistance which inhibits 
the lateral compression  in the plane of the membrane [79], as well as slowing the diffusion of 
water from the vitrified region [64], all of which reduce dehydration, decrease membrane 
stress and delay any phase transition (see [5] for a detailed review).  
 
Alternately the WRH maintains that vitrification cannot account for these dramatic reductions 
in transition temperatures in dehydrated systems. The direct interactions between trehalose 
and the lipid head groups is thought to result in the inclusion of the sugars between the 
phospholipids in the plane of the membrane. This is said to provide sufficient lateral 
separation between the phospholipids to prevent the fluid-gel phase transition [42, 71, 80]. 
Proponents of the WRH have also found that vitrification of large polymers has no effect on 
the phase transition temperatures of  membranes [71, 72] and have used these results to 
discount the effects of vitrification suggested by [5, 73, 79]. However large solutes such as 
polymers have been shown to be excluded from the interlamellar membrane region [50, 53]. 
Under these conditions they increase rather than reduce the transition temperatures [51] due to 
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osmotic dehydration. Further, there is clear evidence that even small sugars are partially 
excluded from between membranes even at full hydration [81], and there is indirect evidence 
that this may also happen during dehydration [49, 82, 83]. 
 
A key factor, therefore, in assessing the different explanations is the location of the solutes. In 
short, all the general effects of solutes given by the HFE rely on the location of (small) 
interlamellar solutes, as do the mechanical effects of vitrification. In contrast, the hydrogen 
bonding proposed by the WRH relies on solutes located between the individual phospholipid 
headgroups (intralipid region). In addition, in order to obtain a quantitative understanding, it 
is necessary to know how much (if any) of the solute is excluded from between the 
membranes during dehydration. As such, an investigation into understanding the effects of 
solutes on membrane phase behaviour requires a quantitative study of the structure of the 
membranes as a function of hydration and solute molar ratios, and the determination of the 
location of the solutes and their degree of exclusion. These are the main aims of this thesis.  
 
1.5 Experimental methods 
 
A number of experimental techniques have been used over the past forty years or so to study 
both the structure and the phases of lipid membranes. Freeze-fracture scanning electron 
microscopy (SEM) is a qualitative technique that has been used to observe phases in 
membranes since the early 1980s [66, 67, 84, 85]. Few, if any, quantitative measurements can 
be made with this technique and in addition, as a consequence of the sample preparation 
process, it is actually a carbon replica of the sample that is viewed rather than the sample 
itself. Solid State Nuclear Magnetic Resonance (NMR) is a more quantitative technique that 
has been used for phase determination in membranes [65, 86, 87] as well as the determination 
of lipid areas [88] and chain lengths [89]. Deuterium-NMR has also been used to measure 
hydration forces in bilayers as functions of both hydration and membrane distance [6] as well 
as the effect of solutes on the hydration forces [90].  
 
Although Fourier Transform Infrared Spectroscopy (FTIR) can been used to measure phase 
transition temperatures [42, 46, 91]  and also to infer bonding information [41, 71], by far the 
most widely used technique to quantitatively determine the phase transition temperatures of 
phospholipid bilayers has been Differential Scanning Calorimetry (DSC).  DSC has been used 
extensively to study the phase transition characteristics of many of the synthetic 
phospholipids such as DLPC [49], DMPC  [50, 79] DOPC [49, 73] and DOPE [92, 93], but 
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by far the most widely studied phospholipid has been DPPC [41, 51, 75, 77, 94-97]. These 
DSC studies on DPPC have involved the investigation of the effects of many of the solutes 
mentioned in section 1.2, however these studies typically present data only at solute:lipid 
molar ratios greater than 1:1, and in many cases only for fully hydrated and fully dry lipids. 
For example, the only studies of molar ratios between 0.0 and 1.0 [95, 96], are on fully dried 
samples, while other studies that present data over a wide range of RH [75] only study high 
solute molar ratios.  
 
Moreover, although DSC is very useful in determining the temperature of phase transitions, it 
doesn’t in itself determine the phases present in the sample, or the structural parameters of the 
phospholipid bilayers. Since the 1960s X-ray diffraction techniques, particularly Small Angle 
X-ray Scattering (SAXS), have been the most widely used methods of determining the 
structure and phase of phospholipid bilayers [60, 61, 98]. (A wider review of the techniques 
used to study phospholipid bilayer structures is given in [99]).  As with the DSC studies, the 
most commonly studied synthetic phospholipids have been DOPE/DOPC [62], DLPC [100, 
101], DMPC [102, 103], and DPPC, with DPPC again being the most widely studied [54, 75, 
96, 97, 104-106]. As with the DSC studies, many of the SAXS investigations into the effects 
of solutes on the structure/phase of bilayers have either been at a constant solute ratio or 
constant hydration, and those solute ratios that have been used are often greater than 1:1. In 
addition, the few previous studies on the kinetics of the phase transitions of phospholipid 
bilayers [107-109] have not investigated the effects of both hydration and solute ratio. 
 
Small Angle Neutron Scattering (SANS) can also be used to provide structural information 
complimentary to SAXS  [110-112]. In addition to this, specific deuteration of a component 
of the sample can be used to examine that component in detail, for example the structure of 
the lipid head groups [113] or the structure of lipid chains [114]. More recently a relatively 
new application of SANS contrast variation has been used to quantitatively determine the 
location and concentration of solutes in a bilayer sample in excess water [81, 115]. SANS 
techniques and theory are discussed in greater detail in chapter 4, section 4.2. 
 
With different laboratories publishing results for phospholipids with different sugars at 
different molar ratios at different hydrations, a “patchwork” of information has accumulated 
regarding the phase transition characteristics of DPPC in the presence of sugars. Despite 
being studied for over 20 years, gaping holes remain in this patchwork, particularly at low to 
intermediate hydrations and low solute ratios (solute to lipid molar ratio between 0.0 and 1.0). 
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The lack of a complete study at these low solute molar ratios is significant because, as we will 
argue throughout the course of this thesis, it appears that exclusion of solutes from the 
lamellar region of bilayers may be occurring at molar ratios as low as 0.5 sugars per lipid, 
after which the addition of further solute has little if any effect.  
 
In this thesis three complimentary techniques are used to conduct the most comprehensive 
systematic study of the effects of both hydration and solute ratio on the phase behaviour of 
DPPC. DSC is used to quantitatively determine the effects of both water content and solute 
ratio on the phase transition temperatures of the membranes  
(see chapter 3). SANS contrast variation is used the quantitatively measure the solute 
concentration/location in the membrane system (see chapter 4). The results of these 
experiments will be used to determine whether the HFE can provide a quantitative 
explanation of the effects of sugars on membrane phase transitions. Finally SAXS is used to 
measure the structural parameters of the membranes, to confirm the phase of the samples, to 
determine whether the presence of the sugars has any effect on the structure, and to provide an 
estimation of solute location (see chapter 5). In addition SAXS is used to conduct the first 
systematic study of the effect of hydration and solute ratio on the kinetics of the phase 
transition (see chapter 6).  
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Chapter 2 
Experimental Methodologies 
 
2.1 Sample 
 
The membrane sample used for this project needed to be one that was compatible with all the 
experimental techniques used throughout the course of the project. It also needed to be one 
that was readily available, easy to work with, one in which the water content could be 
manipulated and one which had been studied before using similar techniques and would 
provide consistent results. For all of these reasons model cell membranes were used rather 
than living cells. The synthetic phospholipids 1,2-Dilauryl-sn-Glycero-3-Phosphocholine 
(DLPC) and 1,2-Palmitoyl-sn-Glycero-3-Phosphocholine (DPPC) were both obtained from 
Avanti Polar-Lipids, Inc. and used without further purification. These lipids are well studied 
and stable over long periods of time. 
 
 
 
Figure 2.1 DPPC in powder form as supplied by Avanti Polar Lipids. 
 
 15 
2.2 Sample Cell Preparation 
 
Before sample preparation commenced it was necessary to thoroughly clean the cells used to 
prepare and store the lipids. The sample cells used throughout this project were either Pyrex 
test tubes with airtight snap-on plastic lids (Bibby Sterilin, now trading as Barloworld 
Scientific,  Stone, Staffordshire, U.K.), or 2 ml plastic Eppendorf tubes. Both were cleaned 
using the following procedure; 
1. The test tubes were cleaned manually using a test tube brush and Decon 90 detergent. 
2. The test tubes and detergent solution were then placed in an ultrasonic cleaner (Unisonics 
Pty. Ltd. Sydney, N.S.W. Australia) for 30 minutes. 
3. The cells were then rinsed with Milli-Q filtered water and returned to the ultrasonic cleaner 
for 30 minutes for further rinsing. 
4. The Milli-Q water was replaced and the cells rinsed again in the ultrasonic cleaner for 
another 30 minutes. 
5. The cells were then rinsed with ethanol. 
6. The rised cells were placed in an oven (Laboro – Scientific equipment manufacturing, H. B. 
Selby & Co Pty. Ltd.) at approximately 50 oC and stored in the oven until needed. 
 
2.3 Sample Preparation  
 
During this project two methods were employed to manipulate the water content of the 
samples; hydrating by weight, and equilibration with saturated salts. Hydrating by weight had 
the advantage of being able to exactly control the mass fraction of water in the sample from 
the outset; however, mixing samples at low hydration proved to be very difficult. Mixing 
samples with excess water, and then using saturated salts to control osmotic pressure 
facilitated far easier mixing and enabled the control of sugar content. The disadvantage of this 
method was that the mass fraction of H2O in the samples could only be back-calculated after 
the samples were prepared. 
 
For the experiments undertaken here it is critical to ensure that the sugars, lipids and water are 
all well mixed. One approach to this is to mix the components together at the desired 
hydration, and then mix by combinations of phase transition cycling (raising the temperature 
above and below the lipid phase transition temperature), sonication and repeated 
centrifugation. However, at low hydrations this is extremely difficult, and for samples 
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containing sugar it is almost impossible to achieve equilibrium mixing under these conditions. 
 
The alternative method, and the one undertaken in this thesis, is to mix the samples in excess 
water, then dehydrate by equilibration over saturated salts of known relative humidity. This 
has several advantages: first, the samples are relatively easy to mix in excess water, using the 
methods described above; second, in addition to knowing the mass fractions (determined after 
equilibration), the osmotic pressures will also be known; and finally, dehydration in this way 
is much closer to mimicking the dehydration process in a biological system. 
 
Clearly it cannot be guaranteed that all the components remain mixed after dehydration. 
However, if they do demix, it is as a result of the dehydration itself, and this is indeed one of 
the aspects to be probed in this thesis. 
 
2.3.1 Hydration by Weight – Technique 
 
In the early stages of the project the sample hydration was determined by weight, more 
specifically, the hydration was calculated as a fraction of the total mass of the hydrated lipid 
(i.e., lipid plus water), as shown in equation 2.1. 
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where, mw is the water mass fraction, mL is the lipid mass fraction, ML is the mass of the lipid 
and MW is the mass of water. 
 
The sample cell and lid were weighed using a Mettler AE 200 electronic scale, and then a 
small amount of lipid is added using a metal spatula and the cell is reweighed, and then 
subtracting the mass of the cell then gives the lipid mass. Assuming a desired water fraction 
mw, equation 2.1 can be solved to determine the amount of water needed. The desired amount 
of Millipore water is then added using a Hamilton 10 µl syringe. The sample is then mixed 
using a Chilter MT 19 auto vortex mixer. For samples with lower hydrations it was sometimes 
necessary to subject the sample to heat/cold cycles, through the phase transition temperature, 
to enable complete mixing. This was achieved by submerging the cell in a hot water bath, 
followed by plunging the sample into liquid nitrogen. In some cases the lipid adhered to the 
cell wall which prevented complete mixing, in which case the cell was placed in a Beckman 
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GPR centrifuge for 30 minutes at 3000 rpm to force all the sample to the bottom of the cell. 
Once the lipid mixture appeared to be a homogeneous gel it was ready for experimentation. 
For this part of the experiment samples were prepared at six different water mass fractions; 
0.5, 0.4, 0.3, 0.2 and 0.0.   
 
2.3.2 Saturated Salts - Technique  
 
The use of saturated salts proved to be a very convenient method of controlling the water 
content of the samples. The samples could be initially hydrated to excess which facilitated far 
easier mixing. Also, by using equation 2.2 we can relate the relative humidity (RH) of the 
salts to the osmotic pressures of the solutions, which is useful during analysis.  
 
The relative humidity can be related to the osmotic pressure via [116] :  
 






=





−=Π
100
RHlnkT
100
RHln
V
RT
w wv
 2.2  
 
where Π is the osmotic pressure of the solution, R is the gas constant     
(8.314472 J · K-1 · mol-1), NA is Avogadro’s constant (6.022 × 1023 mole-1), k is Boltzmann's 
constant (1.38 × 10-23 J/K), T is the temperature in Kelvin at which the salts were prepared 
(296.15 K, 23 °C), and RH is the relative humidity to which the salts equilibrate. Vw is the 
molar volume of water (1.8 × 10-5 m3/mol) and vw is the molecular volume of water  
(3 × 10-29 m3, this value is assumed to be constant at all hydrations). 
 
Equilibration to known humidities was achieved by equilibrating with the vapour of seven 
saturated salts at a controlled temperature of 23 °C [117-119]. The salts, their corresponding 
saturated humidities, and the osmotic pressures of the samples at 23 °C are shown in table 2.1.  
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SALT 
CHEMICAL 
ABBREVIATION 
SATURATED 
HUMIDITY (%) 
OSMOTIC 
PRESSURE (MPa) 
Phosphorus 
Pentoxide 
P2O5 ~0.1 941.04 
Zinc Chloride ZnCl2 5.5 395.12 
Lithium Chloride LiCl 13 277.94 
Magnesium 
Chloride 
MgCl2 32.5 153.11 
Sodium Bromide NaBr 57.5 75.39 
Sodium Chloride NaCl 75 39.19 
Potassium Nitrate KNO3 91 12.85 
 
Table 2.1  The seven salts used to control relative humidity during sample preparation.   
 
The salts were placed in a Petri dish and Milli-Q water was added until they were fully 
saturated. The Petri dish was then placed in a plastic container with a screw top lid. A piece of 
circular plastic mesh is placed on the Petri dish on which the sample can be placed. The RH, 
and hence osmotic pressure of the samples, are dependent on temperature so during the 
equilibration time the sample chambers are left in a temperature controlled room at a constant 
temperature of 23 °C ± 0.2 °C. Figure 2.2 shows the set-up for sample equilibration over 
saturated salts. 
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Figure 2.2 The sample chamber for equilibrating samples over saturated salts. 
 
To ensure that the salts are correctly saturated and to observe the time necessary for the 
atmosphere inside the containers to equilibrate with the salts, the RH was periodically 
checked using a Tinytag RH datalogger (Hastings, Port Macquarie, Australia). After the RH 
had been checked the samples were placed in the chambers and the lids were screwed on. The 
samples were left to equilibrate for at least 7 days. Equilibration of the samples was assessed 
by weighing them periodically over several days. As the samples were dehydrated the mass 
decreased, eventually reaching a constant value, which was normally achieved within seven 
days. At this point samples were presumed to be in equilibrium. During this equilibration time 
any excess water accumulated by the salts was periodically removed using a glass pipette, to 
ensure that the RH was maintained.   
 
2.3.3 Samples with Sugar 
 
Experiments were conducted using both sucrose and glucose; both were obtained from Sigma 
Aldrich (St. Louis, MO, U.S.A). To prepare these samples, first a sugar solution is made by 
placing 10 g of sugar in a 100 ml volumetric flask. The flask is then filled with Milli-Q water 
to the 100 ml mark thus making a 0.1 g/ml sugar solution. From the molecular mass of sugar 
the molar concentration of the solution is calculated. A desired sugar:lipid molar ratio is 
determined, and from the mass of the lipid in each sample the amount of solution needed for 
Eppendorf tube 
containing the 
sample 
Petri dish 
Plastic mesh 
Saturated salt 
Plastic 
container with 
screw-top lid 
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each sucrose:lipid ratio can be determined. Five sucrose:lipid ratios were used: 0.1, 0.2, 0.5, 
0.8, and 1.0. 
After the solution was added to the sample, additional water was sometimes added to ensure 
that the lipid was sufficiently hydrated (the exact hydration of the sample is not important at 
this stage as the hydration is adjusted by the saturated salts). The sample is then placed in the 
relevant equilibration chamber. The samples are then left to equilibrate with the salts for at 
least a week. 
 
2.3.4 Samples for Small Angle Neutron Scattering Contrast Variation 
Experiments 
 
For the SANS experiments deuterated Glucose obtained form Sigma Aldrich-Isotec  
(C6 D12 O6, 97-99%) was used instead of Sucrose to provide higher neutron contrast. Of the 
12 Deuterons per molecule, 5 are exchangeable with Hydrogen, while 7 Deuterons are non-
exchangeable. A schematic of a deuterated glucose molecule is shown in figure 2.3. After 
weighing the glucose the exchangeable Deuterons were replaced with Hydrogen (giving  
C6 D7 H5 O6) by dissolving the glucose in Milli-Q filtered water. The solution was then placed 
in a Napco (Tualatin, OR, U.S.A.) model 5831 vacuum oven to remove the water and the 
resultant powder reweighed before dissolving again in a known volume of Milli-Q water to 
provide a deuterated glucose solution of known molar concentration, and known Deuterium 
content. 
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Figure 2.3 A diagrammatical representation of a deuterated glucose molecule  
(C6 D12 O6) used in this project. The 5 exchangeable Deuterons are those 
bonded with Oxygen. (image from Sigma-Aldrich website) 
 
2.4 Differential Scanning Calorimetry (DSC) 
 
DSC experiments for this project were conducted using a Perkin Elmer (Norwalk, CT, USA) 
Pryis 7 DSC with intracooler, located at RMIT city campus. DSC was used to measure the 
phase transition onset temperatures of lipid samples as functions of humidity and sucrose 
ratio.  
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Figure 2.4 The Perkin-Elmer DSC that was used for all DSC experiments undertaken in 
this project. 
 
2.4.1 DSC Sample preparation. 
 
Initially DLPC was the lipid used for the DSC experiments, however as the experiments 
progressed it was observed that the phase transition temperature of the lipid coincided with 
the glass transition of the sucrose, making interpretation of the scans difficult. As the 
objective was to observe the physical effects of the sucrose ratio rather than the effects of 
vitrification, DPPC was used for all further experiments as it has a higher transition 
temperature than DLPC. DPPC samples were prepared with varying sucrose ratios and 
humidities using the saturated salt technique previously described. 
DSC 
Sample stage cover 
Intracooler 
PC used for controlling 
experiment and data 
reduction 
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2.4.2 Experimental Technique. 
 
Directly before experimentation the sample preparation tube is weighed to enable calculation 
of the exact water mass fraction of the samples, which is necessary for complete analysis of 
the results. A Perkin-Elmer 10 µl Aluminium DSC pan and lid are weighed with respect to a 
reference pan/lid using a Perkin-Elmer AD-2Z autobalance. A portion of sample is placed in 
the pan and the pan/lid and sample are reweighed to obtain the sample mass (typically  
1.5-5 mg). 
 
 
 
Figure 2.5 Perkin Elmer 10 µl Aluminium DSC pan and lid (on the left), and the sealed 
pan (on the right) containing a sample. The ring that is removed by the 
crimping process is retained for mass recording purposes. 
 
The sample and reference pans are placed in the DSC and the temperature is ramped at a 
nominal rate of 200 °C/min to 80 °C (above the phase transition temperature of the sample). 
The temperature is then ramped down to 0 °C, back to 80 °C and returned to 0 °C to ensure 
homogeneity of the sample before experimentation. This procedure was used to ensure that 
equilibrium behaviour was being measured, rather than the metastable behaviour previously 
observed on the first scan when lipids in the gel phase are dried in the presence of sugars 
[120]. The experimental runs were started from a temperature between 0 °C and 20 °C 
(depending on the humidity of the sample) and ramped to either 80 °C or 90 °C at 10 °C per 
minute, then back to the starting temperature at the same rate. This cycle is repeated to ensure 
consistency in the results. Only when the results from two consecutive cycles match exactly 
are they used for analysis.  An example of a typical DSC scan is shown in figure 3.1. 
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Perkin-Elmer software was used to determine the peak position, peak area and onset 
temperature. Onset temperatures are found by extrapolating the tangent of the peak slope back 
to the base line. Because the peak position can be dependent on the ramp rate, for these types 
of experiments it has become standard practice to report the onset temperature rather than the 
peak positions [50, 51, 73]. However, in some cases the onset temperature is affected by the 
presence of other transitions (glass transitions, pre-melting lipid transitions etc). So the choice 
of whether to use peak or onset, during cooling or warming, is done on a case by case basis. 
Where data is compared across a series of samples, the same criterion is always used.  
 
2.5 Small Angle X-Ray Scattering (SAXS) 
 
Although most of the SAXS data presented in this thesis is a result of experiments conducted 
using a synchrotron source, the Bruker (Karlsruhe, Germany) NanoSTAR SAXS instrument 
at RMIT was used extensively to perfect sample preparation techniques and experiential 
methodologies that were vital in preparation for the synchrotron experiments. Shown in figure 
2.6, the NanoSTAR at RMIT uses a Copper x-ray tube yielding Cu Kα radiation of 1.54 Å 
wavelength. Cross – coupled Göbel mirrors [121] are utilised as well as  double pinhole 
collimation (100 µm and 300µm), and a gas filled multi-wire 2D detector (HISTAR). The 
NanoSTAR was used in conjunction with an Anton-Paar (Graz, Austria) TCU - 50 
temperature controller. 
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Figure 2.6 The Bruker NanoStar in the 23 cm sample to detector distance configuration 
as used in this project. 
 
SAXS was used to determine the physical characteristics of the samples and to observe the 
effect of water content and solute ratio on these physical parameters. Specifically, the primary 
quantity of interest is the lamellar repeat spacing, which is the distance between two 
consecutive lipid bilayers.  Shown in Figure 2.7, the repeat spacing is thus the sum of the 
membrane thickness (dL) and the water thickness (interlamellar spacing) (dw).  Of course the 
boundary between the water and the lipid headgroups is not a solid boundary, as indicated 
schematically in fig 2.7 (and also fig 5.1). In reality there is a region which contains both 
headgroups and water molecules. So d-water and d-lipid can only be determined by assuming 
a position for the interface. The simplest way to do this is to assume a density weighted 
average interface. 
 
Glassy Carbon 
insertion device 
2D HISTAR 
detector 
Generator 
Copper x-ray 
tube 
 
Cross - coupled  
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Air inlet valve Sample chamber Beam stop 
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Knowing the composition of the sample, and assuming the interface to be the density 
weighted average between the lipid and water, it is possible to calculate the lipid and water 
thicknesses, which are used in the analysis. In addition, on instruments capable of measuring 
in the Wide Angle x-ray Scattering regime (WAXS) it is possible to measure the intralipid 
spacing. This information is used to determine whether the sample is in a fluid, gel or 
crystalline phase.  
 
 
 
Figure 2.7 A cartoon representing lipid bilayers in two membranes showing the 
composition of important physical quantities which can be determined using 
SAXS. 
 
2.5.1. SAXS Window Selection 
 
Traditionally, for x-ray diffraction on a liquid sample, a quartz glass or sapphire capillary tube 
is used. The lipid mixtures used in this project, however, were too viscous to be placed in 
capillaries thin enough to allow sufficient transmission of x-rays in a lab based instrument. 
Hence an alternate set up was used involving a simple thin copper plate with a hole in the 
middle for the sample, shown in figure 2.8. The sample is kept in place by two pieces of x-ray 
transparent material or “windows” on either side of the copper plate. It was hence important 
to select a material that had the structural capacity to contain the lipid whilst still being as 
transparent to x-rays as possible. A selection of polyester films obtained from DuPont 
(Wilmington, DE, U.S.A.) and two adhesive tapes from 3M (St. Paul, MN, U.S.A.) were 
tested for their x-ray absorbance. 
 
d-repeat 
d-lipid d-water 
d intralipid 
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Figure 2.8 The copper slide used to mount the sample. The larger hole in the centre is for 
the sample, the smaller holes are for the mounting screws. 
 
When conducting a conventional SAXS experiment a large portion of the incident x-ray beam 
passes unaffected through the sample and strikes the beam-stop, which prevents damage to 
the detector. However for a transition test it is this part of the beam that we want to measure, 
so a piece of glassy carbon is placed behind the sample to scatter the transmitted beam. Now 
the detector is recording the intensity of the transmitted beam so a relative measurement can 
be made between the window samples to determine which is the most transparent to x-rays. 
The results of this test are shown in figure 2.9 from which it can be seen that the clear 3M 
adhesive tape had the highest transmitted intensity and was hence the material chosen for the 
window material. Coincidently, it is also one of the easier materials to work with being 
adhesive, as it made sample loading easier than with the Mylar windows. 
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Figure 2.9 The transmitted intensity for various SAXS sample windows. (Note that the 
intensity values in this figure are not normalised and the X-ray beam flux is 
assumed to be stable for the duration of the experiments). 
 
Now that the most transparent material had been selected another experiment was undertaken 
without the glassy carbon to observe whether this material had any structures in it that would 
cause scattering which might interfere with the lipid scattering data. Figure 2.10 shows a 
typical 2 – dimensional pattern from two layers of 3M adhesive tape exposed for 7200 
seconds (2 hours). To check whether the sample windows (or adhesive in the tapes) have any 
structural features that would interfere with scattering from the sample a 2-D plot is made of 
the background scattering, as shown in figure 2.11. From these two figures it can be seen that 
there are no artefacts or reflections in the background scattering that would detract from, or be 
confused with, the sample scattering. For experiments conducted later in this project adhesive 
Kapton tape became available and was used for some of the synchrotron SAXS/WAXS 
experiments.  
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Figure 2.10 A 2 – dimensional pattern of the background scattering (at room temperature). 
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Figure 2.11 Intensity versus scattering vector plot of the background scattering shown in 
figure 2.10 
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2.5.2 Temperature Controlled Sample Cell Customisation 
 
As most SAXS experiments are performed on liquid samples, the only sample cell compatible 
with the Anton Paar TCU-50 temperature controlled sample stage was a cell containing a 
fixed capillary designed specifically, and exclusively, for liquids. So the next task was to 
design a sample cell which facilitated the use of solid/gel samples whist also being compatible 
with the Anton Paar stage. The dimensions of the capillary cell were measured and used to 
design a solid/gel cell. The new cell (figure 2.12) was designed to use a metal foil, similar to 
the room temperature cell. It was designed to fit into a new cell that had identical exterior 
dimensions to those of the capillary cell so it would fit in the temperature stage. 
 
 
2.12a          2.12b 
 
2.12c         2.12d 
Figure 2.12 The custom made cell for solid/gel samples for the temperature stage with the 
sample holder removed as seen in profile (2.12a) and from above (2.12b). Also 
with the sample holder in place (2.12c) and (2.12d). 
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Later in the project a similar cell became available from Bruker. The Bruker cell was similar 
in concept but used the same copper slide used for room temperature experiments (see figure 
2.13). Both cells were used in this project. 
 
 
2.13a         2.13b 
 
2.13c         2.13d 
 
Figure 2.13 The Bruker sample cell for temperature control in profile (a,c) and from above 
(b,d) with (c,d) and without (a,b) the copper sample holder. 
 
2.5.3 Automation of Temperature Control 
 
The final step in the preparation of the instrument was to automate the experiments, both the 
SAXS itself and the temperature controller. This was largely a matter of convenience and time 
saving as each experiment typically lasted two hours per temperature with 30 minutes 
equilibration time at each temperature. Hence an experiment with 10 different temperatures 
would take at least 24 hours.  As it was unnecessarily tedious to monitor the experiment and 
manually change the temperatures over this time, automation was a priority. This was done 
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using a custom written script file using the Bruker scripting language. The script file is loaded 
in a command line of the Bruker SAXS software and assumes control of both the SAXS 
instrument and the temperature stage allowing complete automation of the experiment. A 
typical script is shown in Appendix A. 
 
2.5.4 Sample Loading 
 
When the sample is ready for experimentation, the copper sample slide is cleaned using 
acetone and placed on the adhesive side of a piece of 3M tape. The lipid is then transferred to 
the cavity in the copper sample slide using a clean metal spatula and evenly distributed in the 
cavity. A second piece of tape is then placed adhesive side down onto the copper slide. The 
two pieces of tape are brought together and pressed firmly to each other and the copper slide 
to ensure a good airtight seal with no air traps. Now the sample is placed in the SAXS 
instrument. A small experiment was conducted to determine the mass (water) loss, if any, 
from a sample under vacuum in the SAXS chamber. A typical sample was prepared and the 
mass recorded. The sample was placed in the SAXS chamber under vacuum and the mass of 
the sample was periodically recorded, see table 2.2. 
 
Time under vacuum (hours) Sample mass loss (% of original mass) 
2 0 
4 0 
6 2 
24 7.7 
 
Table 2.2 Mass loss of a typical sample under normal experimental conditions. 
 
Maintaining the hydration of the samples was critical for accurate measurements and because 
some of the temperature controlled experiments would run up to 18 to 24 hours, a hydration 
loss of up to 7 or 8 % was considered unacceptable. A similar mass loss experiment was 
conducted in normal atmospheric conditions and no mass loss was measured within 24 hours. 
Hence all SAXS experiment conducted on the Bruker NanoStar were conducted without 
vacuum. The presence of air in the sample chamber proved to provide insignificant 
background levels of scattering compared to the samples, which are strong scatterers (refer to 
figures 2.10 and 2.11).  In any case, background scattering from both the atmosphere inside 
the sample chamber and from the sample windows was subtracted from every experiment. 
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2.5.5 SAXS Procedure – room temperature experiments 
 
For the experiments conducted in this project x-ray scattering was performed on each sample 
for 7200 seconds (2 hours) under normal atmospheric conditions. The chamber was not 
evacuated to avoid desiccation of the samples. A background run was also taken for the same 
length of time under the same conditions using the empty sample cell, so the scattering from 
air and the sample windows could be subtracted from the final data. In addition, two more 
reference runs were taken, one for the background with glassy carbon (air plus windows plus 
glassy carbon) and one for each sample with glassy carbon (air plus windows plus sample 
plus glassy carbon), each taken for 50 seconds. These two runs were used as a reference to 
determine the transmission coefficient that is used as the background subtraction ratio. After 
the data has been acquired it is “unwarped”, a process to account for the use of a flat two-
dimensional detector being used to collect data from a spherical wavefront. Next the 
background transmission coefficient is calculated using the Bruker software and the 
background is subtracted accordingly. 
  
Figure 2.14 shows a raw scattering pattern of a typical lipid sample. The repeat spacing 
reflection is visible as the brightest ring closest to the beamstop, along with two higher order 
reflections. At this stage the image is warped and background scattering is present. In figure 
2.15 the effect of background subtraction is clearly visible; the reflections are more clearly 
defined, whilst the background “noise” is greatly reduced. Although figure 2.15 is unwarped 
the effect is subtle and more easily observed in the 2-D plots in figure 2.16.  
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Figure 2.14 Raw scattering pattering from DLPC at 10 % hydration by weight (at room 
temperature). 
 
 
 
Figure 2.15 Unwarped and background subtracted scattering pattering from DLPC at  
10 % hydration by weight (at room temperature). 
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Figure 2.16 Intensity versus scattering vector plots of the scattering patterns shown in 
figures 2.13 and 2.14. 
 
In figure 2.16 the effect of background subtraction is obvious. The effect of unwarping can 
also be observed as the slight shift in q between the two plots. 
 
2.5.6 SAXS Procedure – temperature controlled experiments 
 
For this part of the experiment measurements of repeat spacing were made as a function of 
osmotic pressure, sugar to lipid ratios and temperature. Saturated salts were used to prepare 
the samples as described above. 
 
The only differences in the SAXS procedure for these experiments was that temperature 
control is used and the humidity in the SAXS chamber is kept constant at the same value as 
that of the sample. This was achieved by placing the salt used to saturate the sample in the 
SAXS sample chamber and allowing the sample environment to equilibrate before the 
experiment commenced.  Prior to the experiments, a series of calibration experiments were 
performed to observe how long it took the volume of air in the SAXS chamber to equilibrate 
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to the same humidity as the salt. To do this the humidity datalogger was used again while 
each of the salts were placed in the SAXS chamber and left to equilibrate. From the offloaded 
data, it was determined that the SAXS chamber reached the relative humidity of the saturated 
salt within 120 minutes (data not shown). Hence the salts were left in the SAXS chamber for 
at least two hours before the experiments began, so that the SAXS chamber was at the same 
humidity as the sample as soon as it was placed in the SAXS. Experiments were performed 
for two hours at a number of different temperatures with 20 minutes equilibration time 
between each measurement.  
 
Prior to conducting experiments, the temperature stage needed to be calibrated to establish the 
offset in temperature between the sample and the set temperature of the Anton Paar 
temperature controller. It was also necessary to establish the equilibration time needed for the 
temperature to stabilize after the temperature was changed. To do this a Tinytalk temperature 
datalogger (Hastings, Port Macquarie, Australia) was used. An inexpensive test sample, 
asolectin from soybean (Fluka BioChemika – Sigma Aldrich, St. Louis, MO, USA) was made 
and loaded into the sample holder. The thermostat of the datalogger was then embedded 
inside the sample to monitor the temperature that the sample experiences. The sample holder 
was then loaded into the temperature stage ready for experimentation. The temperature set 
point on the temperature stage controller was set at 70 °C and left to equilibrate for 
approximately 20 minutes. The temperature was then ramped down to -20 °C in 10 °C 
increments, each time allowing ten minutes for equilibration. The data were then offloaded 
from the datalogger; figure 2.17 shows two examples of this data. 
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Figure 2.17 Shows two examples of data offloaded from the Hastings Datalogger during 
the temperature stage calibration. Figure 2.17a shows the transition time 
between set temperatures of 10 °C and 0 °C, while figure 2.17b shows the 
transition from set temperatures of 0 °C and -10 °C. 
 
From these results the equilibration time needed for the temperature of the sample to 
equilibrate was determined. Figure 2.17 shows two examples of the data collected during the 
calibration experiments that led to the results in figure 2.18. These examples were indicative 
of all the data, showing that 10 °C steps in temperature above zero required less that 5 
minutes equilibration time, while 10 °C transitions below zero required approximately 10 
minutes. For consistency and to ensure equilibration, 20 minutes equilibration time was 
allocated between every temperature change, for all these experiments.  
 
The values given by the dataloggers are compared to those of the set point on the controller. 
From the offset between the two results a calibration curve was determined, shown in figure 
2.18.  
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Figure 2.18 Shows the offset between the set temperature and sample temperature for a 
sample in the temperature controlled SAXS stage. 
 
2.6 Synchrotron SAXS/WAXS 
 
Synchrotron SAXS/WAXS experiments were conducted on the ChemMatCars beamline at 
the Advanced Photon Source (APS), Argonne National Laboratories, Argonne Illinois,  
U.S.A. The sample to detector distance was 555 mm and 0.6199 Å wavelength x-rays were 
used. For details on the ChamMatCars beamline set-up see [122].  
 
2.6.1 Sample Preparation 
 
The sample used for the Synchrotron SAXS/WAXS experiments was DPPC. Samples were 
prepared at seven humidities (0.1 %, 5.5 %, 13 %, 32.5 %, 57.5 %, 75 %, 91 %) using 
saturated salts and also with six sugar-to-lipid ratios (0:1, 0.2:1, 0.5:1, 0.8:1, 1:1). For these 
experiments two sugars were used, sucrose and glucose, making a total of 70 samples. 
Samples were prepared in 2 ml plastic Eppendorf tubes. 
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2.6.2 Experimental Technique – Sucrose Samples 
 
The Eppendorf tubes were weighed and sealed before transportation to the U.S.A and 
reweighed upon arrival at the APS. After weighing, the samples are placed in 1.5mm quartz 
capillary tubes manufactured by Wolfgang Muller Glas Techik (Charles Supper Company, 
Mass., U.S.A.). The capillaries were then sealed using Pro Seal red Hi-Temp RTV silicone 
instant gasket (Racer Technology, U.S.A.), then mounted, eight at a time, onto the in-house 
temperature controlled sample stage (designed by David Cookson), as shown in figure 2.19. 
The temperature was controlled by circulating fluid from a heating bath through the brass 
block which is in direct contact with the brass backing plate of the sample holder. The 
capillaries were held in place by an aluminium plate which was screwed down onto the 
samples. The samples were protected by a layer of foam, and were not in thermal contact with 
the aluminium plate. For the temperature controlled experiments two thermocouples were 
used. During experimentation the thermocouples were positioned on different sections of the 
brass block, and these temperatures were recorded during the experiments.   
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Figure 2.19 The custom made (David Cookson) sample holder for temperature controlled 
sample stage, containing 8 samples in quartz capillary tubes. 
 
In figure 2.20 the temperature controlled sample holder is shown in place, ready for an 
experiment. 
 
 
 
 
 
 
 
Brass backing plate 
Aluminium top plate 
Locking screws 
Protective foam 
Thermocouple wires 
Capillaries 
Sample 
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Figure 2.20 The temperature controlled sample stage in place on the SAXS/WAXS 
instrument on the ChemMatCars beamline at the APS. 
 
To determine the temperature offset between the brass block and the actual samples, a set of 
equilibration measurements was made. One of the thermocouples was imbedded into a sample 
within a capillary which was then sealed.  Now, with one thermocouple on the brass block 
and one in a sample, the set temperature is ramped up and measurements from both 
thermocouples are recorded. Figure 2.21 shows the temperatures of the two thermocouples 
during the experiment and this calibration is used to modify the recorded temperatures for all 
the experiments. 
Sample Stage 
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Figure 2.21 The temperature calibration curve used to determine the offset between the set 
temperature and the sample temperature.  
 
A series of static measurements was made for each sample both below and above the gel-to-
fluid phase transition temperature. Following this a series of kinetic measurements were made 
by ramping the temperature rapidly through the phase transition whilst taking measurements 
every second. These kinetic runs were made between room temperature (~20 °C) and 80 °C 
and with temperature both ascending and descending. 
 
2.6.3 Experimental Technique – Glucose Samples 
 
The purpose of the glucose samples was to provide structural information complimentary to 
our SANS experiments, which also used glucose samples (rather than sucrose). As such, 
because temperature control was not required, neither were the capillaries. The sample holder, 
shown in figure 2.22 was made using a leather punch to make holes in a piece of plastic into 
which the sample was placed and contained by Kapton tape on each side. This facilitated 
quicker experiments as 24 samples could by loaded at a time. Measurements were made only 
at room temperature. 
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Figure 2.22 The room temperature sample holder for the DPPC with glucose samples. 
 
2.7 Small Angle Neutron Scattering (SANS) Contrast Variation  
 
2.7.1 SANS Experimental Method (HMI) 
 
SANS Contrast variation experiments were conducted on the Berlin Neutron Scattering 
Center’s V4 SANS instrument on the BER2 reactor at the Hahn-Meitner Institute (Berlin, 
Germany) [123]. The neutron wavelength was 6 Å with a spread (fwhm) λ∆/λ = 
10 %. Data was collected at sample to detector distances of 4 and 12 meters giving a 
combined q range of 4.76 × 10-3 < q < 9.45 × 10-2 Å-1. Samples used were DPPC, with and 
without deuterated glucose, at an intermediate humidity of 32.5 % prepared by the satuarated 
salt technique. The samples were also prepared with six different D2O:H2O ratios (0, 20, 40, 
60, 80 and 100 % D2O volume fractions). 
 
Measurements were made on 12 samples, divided into two sets. Set 1 was 32.5 % humidity 
without glucose with 6 D2O ratios, and set 2 was 32.5 % humidity with 0.5 to 1.0 glucose to 
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lipid ratio, also with 6 D2O ratios. For both sets, measurements were made for 1 hour per 
sample at a detector distance of 4 metres, and 2 hours per sample at a detector distance of 12 
metres. The 2-D data was corrected for background, empty-cell scattering, and individual 
detector pixel sensitivity, and then radially averaged using the BerSANS data reduction 
software [124].  
 
2.7.2 SANS Experimental Method (AUSANS) 
 
A second, much larger set of experiments was undertaken on the AUSANS instrument using 
the HIFAR reactor at Lucas Height, Sydney Australia, which is operated by the Australian 
Nuclear and Science and Technology Organisation (ANSTO). This series of experiments, for 
which 14 days continuous beam time had bean allocated, was undertaken with the goal of 
following on from the HMI experiments by quantifying the concentration of sugar in the 
excluded sugar/water phase as a function of sample humidity. At HMI we found the 
concentration of sugar in both the lamellar phase and the excluded phase at only one sample 
humidity, whereas five humidities were used at AUSANS. 
 
Sixty samples were prepared, thirty with deuterated glucose and thirty without. Five 
humidities were used (0.1 %, 5.5 %, 13 % 57.5 % and 75 %) each with six D2O:H2O ratios  
(0 %, 20 %, 40 %, 60 %, 80 % and 100 % D2O volume fractions). As with the HMI sample 
preparation, equilibration over saturated salts was used to control the sample humidity. As 
Hydrogens are constantly exchanged between the salt and the sample during equilibration, for 
each humidity six saturated salt solutions were prepared.  Each of the six salts were saturated 
with six different solutions of D2O/H2O, using the same D2O:H2O volume fractions as that of 
the samples. This was done as a precaution to avoid any alteration of the D2O:H2O volume 
fractions of the samples during the equilibration. The samples were transported by car to 
Sydney in their preparation chambers and weighed directly before experimentation to 
determine the final water contents. 
 
A six position sample holder was used, usually containing five samples and one empty slot for 
the background measurement. In this way every sample group had its own background 
measurement which helps account for any fluctuations in the dark current background over 
the 14 days. Measurements were made for 1800 seconds per position, thus making one cycle. 
Six cycles were undertaken per sample group giving a total of 10800 seconds (3 hours) per 
sample. This method was used so that when the source, the detector and/or the software 
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failed, one cycle would be lost rather than the whole experiment. In addition to this 300 
second transmission runs were perform for each sample and a  porous silica standard was used 
as the absolute intensity standard. Before data reduction commenced every file was visually 
inspected to ensure the data was not corrupted by the intermittent detector failures. After the 
data were cleansed Igor Pro software with added AUSANS data reduction macros (provided 
by NIST) was used to analyse the data. 
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Chapter 3  
Differential Scanning Calorimetry  
 
3.1 Determination of the Phase Diagram by DSC 
 
Figure 3.1 shows a typical differential scanning calorimetry (DSC) scan, showing heat flow 
(heat input) on the y axis, and temperature on the x axis. In the example shown, temperature 
was scanned from 20 °C to 90 °C at a rate of 10 °C/minute, scanned down at the same rate, 
and then the cycle was repeated. Data was used for analysis only when two consecutive 
experimental runs coincided exactly. The heat input (y axis) represents the heat required to 
maintain the sample at the same temperature as the reference pan whilst scanning through the 
range of temperatures. Not surprisingly, as the temperature increases so does the heat flow 
required to maintain the sample at that temperature. In the absence of a phase transition, the 
slope of this curve represents the specific heat of the sample. At around 70 °C a clear peak is 
observed, corresponding to the dramatic increase in heat flow necessary to heat the sample 
through the phase transition. 
 
The inbuilt Perkin-Elmer software is used for both the data acquisition and analysis. The peak 
area calculation tool is used to determine the peak position, peak area, enthalpy, and onset 
temperatures. This can be done on both warming and cooling scans. Because the position of 
the peak can be influenced by the ramp rate used for the experiment, it has become standard 
practice to report the onset temperature rather than the peak temperature. The onset 
temperature is calculated by the Perkin-Elmer software by subtending the tangent of the onset 
slope of the peak to the extrapolated baseline, as shown by the black lines in figure 3.1.  In 
this case, scanning from left to right, increasing in temperature, we are reporting on the gel-to-
fluid phase transition onset temperature. If the onset during cooling is measured, it is the 
fluid-to-gel transition. Note that in most cases a single well defined peak was observed. 
However in some samples, the peak was broadened, or consisted of a double peak. In all cases 
where this occurred the double peak was reproducible2. In the analysis, it was assumed that 
                                                 
2In principle there are a range of other phases which can exist intermediate between the two states (eg. ripple, 
pre-transition phases), which may account for the additional peaks in some of the DSC scans.  For the purposes 
of this thesis we are only interested in the effect of sugars on the transition between the fluid and gel states, so 
the investigation of these peaks is beyond the scope of this thesis.  
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the larger peak (which was always the lowest temperature) corresponded to the main 
transition. Examples of other DSC scans can be seen in Appendix B.  
 
 
 
Figure 3.1 Shows a screen shot of typical DSC scan for DPPC with no sucrose at 13% 
RH. Also shown are the baseline, onset, peak position and peak area for the 
gel-to-fluid transition, as calculated by the Perkin-Elmer software. 
 
By measuring the transition temperatures of samples at varying RH (relative humidity) and 
with varying sucrose ratio, we can build a phase diagram for DPPC over a wide range of RH 
to observe the effect of sucrose ratios on the phase transition temperatures. Figure 3.2 shows 
this experimentally obtained phase diagram for DPPC. We measured the gel-to-fluid onset 
and peak temperatures as well as the fluid-to-gel onset and peak temperatures. For 
consistency in the data analysis and presentation, and to establish error values, we average 
these four results and present the average transition temperatures. By using the maximum 
variance in each set of four results we establish very conservative error values (shown by the 
error bars in figure 3.2). Several of the DSC scans used to create figure 3.2 are shown in 
appendix B. 
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Figure 3.2 Average phase transition temperatures for DPPC as a function of RH at 
several sucrose-to-lipid ratios. The solid lines serve as a guide to the eye only. 
The dashed lines are discussed in the text. The sucrose:DPPC ratio is given by 
the legend. Note that the 0.1 % RH (equilibration over P2O5) is approximate.3 
 
Figure 3.2 shows average phase transition temperatures as a function of RH, with each 
individual trace representing a different sucrose-to-lipid ratio.  The first observation one can 
make from figure 3.2 is that the presence of sugars has only a modest effect on the phase 
transition temperatures for the samples at 91% RH. This is expected, as when the samples are 
fully hydrated, the membrane separation is large enough that the physical effects of the sugars 
are not important.  
 
 
 
                                                 
3
 The relative humidity of P2O5 is unknown, but is generally considered to be “approximately 
0 %”. As this value cannot be plot on a log scale, in this thesis we choose an arbitrary value of 
0.1 % consistent with previous practice [51]. The exact value is not important for either the 
discussion or the conclusions. 
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The measured onset phase transition temperature for the pure DPPC sample (the black trace 
with the circular markers on the graph) starts at approximately 47 °C for the 91 % RH 
samples and steadily increases to 75 °C as RH is reduced. This increase in the transition 
temperature is also expected and agrees with previous experiments [41, 47, 50, 51, 125, 126], 
and the mechanism will be explained in section 3.2. The introduction of only a small amount 
of sucrose has a significant effect on the transition temperatures, particularly at lower 
humidities where the physical effects of the sugars are more pronounced due to the close 
proximity of the membranes. The red trace with square markers, for example, represents a 
sample with only one sucrose molecule for every ten lipids, yet the transition temperature is 
depressed by approximately 13 °C for the lowest RH samples. The effect of the sucrose 
increases with increasing sucrose molar ratio, and for sucrose-to-lipid ratios of approximately 
0.5:1.0 and above, the transition temperatures remain at approximately 45 °C across the entire 
range of RH. In other words the transition temperatures do not increase significantly above 
the fully hydrated value, even at low hydrations. Other experiments [120, 125, 126] have also 
shown that in the absence of a glass, the addition of even more sucrose, up to a sucrose to 
lipid ratio of 2 to 1, has no further effect on the transition temperature and that the effect is 
similar for mono-, di- and tri-saccharides and larger polymers [42, 50, 125]. 
 
To understand the importance of this, consider a sample at 80 °C and 10 % RH, conditions 
under which the lipid would be in the fluid phase. If the temperature of this sample were 
decreased (refer to the vertical dashed line in figure 3.2), in the absence of sucrose, it would 
very quickly undergo a phase transition to the gel phase at approximately 73 °C (as the dashed 
line crosses the phase boundary for the pure DPPC). By contrast, at the same RH, DPPC with 
a sucrose-to-lipid ratio of 0.8:1.0 would remain fluid until the temperature was reduced by 
another 25 °C, to around 48 °C, before it would undergo the same transition. 
 
Conversely, consider the case of a sample that is fully hydrated at 55 °C (fluid phase) and 
slowly dehydrated (refer to the horizontal dashed line in figure 3.2). In the absence of sucrose 
the sample very quickly goes through the phase transition into the gel phase at approximately 
80 % RH. Again, with any sucrose-to-lipid ratio above 0.8:1.0, the sample can be fully 
desiccated without undergoing the fluid-to-gel transition. 
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Figure 3.3 Shows the transition temperatures replotted as a function of the osmotic 
pressure. Note that the highest osmotic pressure (equilibration over P2O5) is 
approximate. The sucrose:DPPC ratio is given by the legend. 
 
Using equation 2.2, the data can be replotted as a function of osmotic pressure (figure 3.3). A 
similar observation can be made here as in figure 3.2. In the absence of sucrose the transition 
temperature increases with osmotic pressure. In the presence of sucrose the transition 
temperature is suppressed to some degree, and for sucrose ratios above 0.5:1.0 the effect 
plateaus, and the transition temperatures remain nearly constant over the entire range of 
pressures. 
 
To enable a more direct comparison between these results and the theoretical models, it is also 
useful to relate the transition temperature to the water content of the sample rather than the 
RH. The samples are weighed at all stages of the sample preparation so we know the masses 
of sucrose, lipid and water in the sample at the time of experimentation. From these masses 
we can calculate the water-to-lipid molar ratio, which is equivalent to the number of water 
molecules per lipid. These results are shown in figure 3.4, and will be used in the analysis in 
section 3.4. 
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Figure 3.4 Shows the transition temperature as a function of nw, the number of water 
molecule per lipid. The sucrose:DPPC ratio is given by the legend. 
 
Finally, the data can be recast as a plot of temperature vs. sucrose-to-lipid molar ratio, as 
shown in figure 3.5. This representation most clearly shows the effect of the sucrose on the 
transition temperatures. The transition temperatures for the pure lipid samples (x-axis = 0.0) 
range from ~ 48 °C at 91 % RH to nearly 75 °C at 0.1 % RH. This graph highlights the fact 
that increasing the sucrose ratio reduces the effect of dehydration, by narrowing the gap 
between fully hydrated and dehydrated samples. It also shows that for sucrose-to-lipid ratios 
of 0.8:1.0 or higher there is no longer any significant difference between the transition 
temperatures of samples at different RH. 
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Figure 3.5 Fluid to gel transition temperatures as functions of sucrose ratio for varying 
RH. The RH of the sample is given by the legend. 
 
3.2 Enthalpy of the Transition 
 
Along with the temperature of the transition, it is also interesting to observe what effect the 
presence of sugars has on the enthalpy of the lipid transition (i.e. the latent heat of the 
transition). This quantity can be measured as the area under the peak, and represents the 
energy required to undergo the transition. Of interest here is whether the presence of sugar 
significantly alters the enthalpy of the transition, as this may be a factor in their protective 
role. 
By measuring the peak area and using the mass of the sample, the software calculates the 
enthalpy in Joules per gram (total sample). The individual masses of lipid, sucrose and water, 
which are known from sample preparation and the final mass of the sample, are used to 
convert the enthalpy to Joules per gram (lipid). Figure 3.6 shows the effect of RH and sucrose 
ratio on the enthalpy of the gel-to-fluid (heating curve) phase transition for DPPC. 
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Figure 3.6 Enthalpies of the gel-to-fluid phase transition for DPPC. The sucrose:DPPC 
ratio is given by the legend. 
 
With the exception of the 13 % RH samples the general trend in all of these samples is that 
the enthalpy decreases with RH. As the irregularity of the 13 % RH samples occurs 
consistently with all the sucrose ratios, it is most likely due to either a contamination of the 
samples and/or incorrect equilibration over that salt (LiCl). In addition to this trend it can be 
seen that the enthalpy of the transition increases with increasing sugar content, and that this 
effect increases with decreasing humidity – i.e. the enthalpy difference between the fully 
hydrated and desiccated samples decreases with sucrose content. In the sample without 
sucrose (black circles) the enthalpy decreases from 71.8 kJ/mole at 91 % RH to 39.3 kJ/mole 
at 0.1 % RH, a significant change of 45 %. The addition of only a small amount of sucrose 
(0.1:1.0 sucrose-to-lipid ratio, red squares), decreases this change to 26 %. Most significantly, 
figure 3.6 shows that the enthalpy of the gel-to-fluid phase transition for DPPC increases with 
sucrose content, but the effect appears to saturate at around 0.5 sucrose molecules per lipid, 
with further differences being within the errors. 
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3.3 Developing the Theoretical Model 
 
There are a number of contributions to the forces between membranes [53], however at  
intermediate hydrations and below (below approximately 70 % water concentrations) [69] 
where the average separation between membranes dw is small, the forces are dominated by the 
short range but strongly repulsive hydration force which can be written as: 
 






−= λ
wdPP expo  3.1 
 
where P is the force per unit area, Po is the force per unit area extrapolated to zero separation, 
dw is the separation between opposing bilayers and λ is the decay length of the force. The 
repulsive force is balanced by a negative pressure in the water phase  
(P' = -P) which results in a lateral compressive stress pi in the plane of the membrane given by 
[55]. 
 
ww PddP =−= 'pi  3.2 
 
As a consequence of the compressive stress, the intralipid spacing is reduced (in other words, 
the average area per lipid is reduced). If the area is reduced sufficiently, the lipids will 
spontaneously undergo a transition into the gel phase. The gel phase has a smaller area per 
lipid than the fluid phase and hence the presence of the compressive stress makes the gel 
phase more energetically favourable. The relationship between the change in area per 
molecule and the transition temperature is given by a two-dimensional version of the 
Clausius-Clapyron equation [56]. 
 
pi
L
aTT
2
o∆
=∆  3.3 
 
where To is the transition temperature in excess water, ∆a is the difference in the area per lipid 
between the fluid and gel phases, and L is the enthalpy of the transition. We cannot measure 
the membrane stress directly, so we need to eliminate it from the equations. To do this, first 
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the relationship between the water separation dw and the number of water molecules per lipid 
nw is needed:  
 
( )wwwwww vn
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Substituting equations 3.2, 3.3 and 3.5 into equation 3.4 yields4: 
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Equation 3.6 describes the change in transition temperature as a function of water content 
however it does not take into account the presence of solutes between the membranes. In 
order to do so the term describing the intermembranous volume (nwvw) must be modified to 
(nwvw + nsvs). Replacing this term gives: 
 
( ) ( )
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Note that this assumes that all of the water and sugar are between the membranes, and that 
none has been excluded. If one then uses literature values [53, 127] for DPPC:  
To = 44.2 °C, L = 35 kJ/mol, ∆a = 0.19 nm2, a = 0.5 nm2, λ = 0.2 nm and Po = 676 MPa, 
combined with the volumes of water and sucrose: vsucrose = 0.5 nm3 [128], vwater = 0.03 nm3, 
one can calculate the theoretical transition temperatures for DPPC as functions of water and 
sucrose content. These calculations are shown graphically in figure 3.7. 
 
                                                 
4
 Note that this model assumes the area per lipid to be constant in each phase. It therefore 
neglects the effects of temperature on the area per lipid (via the coefficient of area expansion) 
and the effect of pressure (via the coefficient of area expansion) [5] .The model similarly 
assumes that Po is not a strong function of a. As these effects are second order, and the 
quantities are not experimentally known for low hydration samples, they are neglected here. 
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Figure 3.7 Shows transition temperatures as functions of water content for varying 
sucrose ratio, as calculated using equation 3.7.  
 
Now we can overlay the experimental results with the corresponding values calculated by the 
model. 
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Figure 3.8 Compares the experimentally obtained values of transition temperature with 
those calculated by the theoretical model, assuming no bulk phase is present. 
Theoretical values are the lines and experimental values are the symbols. The 
sucrose:DPPC ratio is given by the legend. Note that the 0.8 (calc) and 1.0 
(calc) traces are nearly identical and are not clearly distinguishable on the 
graph. 
 
In figure 3.8 we can see that the experimental values for the transition temperatures 
qualitatively and quantitatively agree with those calculated by the model for the pure lipid 
samples and also with the 0.1 and 0.2 sucrose-to-lipid ratio samples. Although the theoretical 
traces do not pass within the error of all the experimental values for these samples, the general 
trend is in agreement. However, for samples with a 0.5:1.0 or greater sucrose-to-lipid ratio the 
experimental values are no longer in agreement with the model. Remembering that equation 
3.7 assumes that all the sucrose is contained between the membranes, it is likely that the 
difference is attributable to the partial exclusion of some of the sugar from between the 
membrane [49, 50]. This will be discussed further in chapter 7. 
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3.4 DSC Summary 
 
As mentioned in chapter 1, DPPC is one of the most widely studied of the phospholipids. As 
such some of the data presented in figure 3.2 can be compared with previous studies. 
However, while there is an extensive literature on the effects of sugars on the transition 
temperatures on DPPC [41, 51, 75, 77, 94] and other lipids [49, 50, 73, 79, 92, 93], in most 
cases they consider only sugar:lipid ratios of 1:1 or greater. 
 
One of the few DSC studies on DPPC with sugar at molar ratios between 0.0 and 1.0 is 
presented in [96]. Figure 1 of that paper shows the effect of trehalose on the phase transitions 
of DPPC equilibrated over P2O5 (equivalent to the 0.1 % RH data in this thesis). As shown by 
figure 2 of that paper, the addition of Trehalose complicates the DSC scans by inducing 
additional peaks to every scan (as opposed to the results presented here when extra peaks only 
appeared in some samples). As such the data given in figure 1 are “first peak” and “second 
peak” data which makes a quantitative comparison with the 0.1 % RH data in figure 3.2 
difficult. Despite this a qualitative comparison can be made, and it can be seen that a very 
similar trend is observed in the effects of trehalose, as with the effects of sucrose in figure 3.2 
(of this chapter). In figure 2 of [96] the transition temperatures start at approximately 95 °C 
(1st peak) and 70 °C (2nd peak) at low molar ratios (~0.05). As the molar ratio of Trehalose 
increases, there is a monatomic decrease in transition temperature in both peak values until a 
molar ratio of approximately 0.4, after which the addition of further trehalose has no further 
effect for all 1st peak data presented (up to 0.7 molar ratio), although the second peak 
temperatures are affected at higher ratios.  These results are entirely consistent with the 
observations made in figure 3.2, whereby the presence sucrose decreases the transition 
temperature from ~ 75 °C to ~ 50 °C with the effect plateauing above around 0.5  
sucrose:lipid molar ratio (note that a ratio of 0.4 was not studied in this thesis). So the effects 
observed with trehalose in the fully dried state are consistent with the effects observed here 
for sucrose.   
 
In the same study measurements were also made at one trehalse:lipid molar ratio (0.5:1.0) 
over a range of water concentrations. Again there are multiple peaks in the tre/lipid system, 
however for the fully hydrated samples they find little difference between their results and 
those of pure DPPC, “It is therefore concluded that the transition temperature of fully 
hydrated DPPC is hardly influenced by the addition of Tre,..” This is also entirely consistent 
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with the 91 % RH data shown in figure 3.2 whereby the results across all five sucrose ratios 
differ by only ~ 7 °C (compared with ~ 27 °C variation at low RH). Again sucrose and 
trehalose are seen to have similar effects.  
 
Another study [95] shows the effect of molar ratios of sucrose between 0.0 and 1.0 on the 
transition temperature of DPPC but only in a dry state (equilibrated over P2O5 under vacuum). 
The results in that study show the phase transition temperature of DPPC decreasing from  
~ 71 °C at 0.17 sucrose molar ratio, to ~ 49 °C at 0.9 molar ratio. Although the 0.9 molar ratio 
result is consistent with the result reported here, the transition temperature for the 0.17 molar 
ratio sample is considerably higher (71 °C vs. 58 °C). However, the results reported in that 
paper are from the DSC heating first scan, whereas the results reported here were carried out 
after first heating into the fluid phase (80°C). The anomalous behaviour of the first scan in 
such systems was first noted in [126]. It was postulated in [73]  that this was an artefact due to 
the fact that the samples were prepared in the gel phase, and the glassy sugar prevented the 
transition to the fluid phase during the first scan. After the first heating through the glass 
transition the system returns to the stable phase, and the transition temperature is reduced. 
This explanation was confirmed in [51]. As the experiments reported here were specifically 
designed to avoid this metastable state, the results in [95] cannot be directly compared with 
the results here. 
 
Various other studies have been conducted on DPPC (discussed in chapter 1) in the presence 
of a number of solutes, however we present here for the first time a complete phase diagram 
for DPPC over a full range of humidities and at a number of sucrose-to-lipid ratios. With this 
data we have demonstrated that the presence of sucrose has a significant effect on the phase 
transition temperatures of this model membrane system. This data also shows that the effect 
of the sucrose increases with molar ratio until a sucrose-to-lipid ratio of approximately 0.5:1.0 
where the maximum effect of the sucrose is observed. Beyond this, the presence of higher 
sucrose ratios appears to have no further significant effect on the transition temperatures. 
Furthermore, we have shown that the presence of sucrose increases the enthalpy of the gel-to-
fluid transition for DPPC, and we have presented the first quantification of this effect as 
functions of both RH and sucrose content. 
 
We have also presented a simple theoretical model to help explain these results. The model 
qualitatively emulates the experimental data for the pure lipid samples and samples with low 
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sucrose ratios. The failure of the model at higher sucrose ratios suggests that the assumption 
in the model regarding the location of all the sucrose being between the membranes may not 
be a valid one 5 . The sucrose ratio at which the model breaks down coincides with 
approximately the ratio at which the effect of the sucrose is observed to plateau in the DSC 
data. This trend is also seen in the enthalpy data. This supports the speculation that only a 
specific amount of solute is permitted between the membranes and any more is excluded to an 
external sucrose/water phase. To quantitatively determine whether this is the case 
measurements are undertaken using SANS contrast variation, presented in chapter 4. 
                                                 
5
 Another possible explanation for the failure of the model at higher sucrose concentrations is 
that the presence of sugar modifies the hydration force. As the hydration force is thought do 
be due to water structuring by the interface [129], it would be surprising if there were no 
effect. Indeed, previous work [49] has shown that the “effective” hydration force is larger in 
the presence of high concentrations of sugars, with both Po and λ being affected. However, 
that work also implied that there is partial exclusion of sugars from membranes during 
dehydration, and highlighted the need for the quantification of that exclusion. 
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Chapter 4  
Small Angle Neutron Scattering 
 
4.1  Experimental Rational 
 
The goal of the Small Angle Neutron Scattering (SANS) experiments (and analysis) is to 
determine whether sugars are being excluded from the lamellar membrane phase of our 
samples into separate sugar/water regions external to the membrane. Determining this would 
help confirm our speculation that this exclusion is responsible for the limiting effect that the 
sugars were observed to have on the phase transition characteristics of DPPC. Additionally, 
we would also like to quantify the sugar concentrations in both the lamellar and excluded 
phases in order to quantify the exclusion. 
 
 
 
 
Figure 4. 1 Shows the two extreme cases of all solutes being between the lipid bilayers (on 
the left), and the other extreme (on the right) whereby an area of high solute 
concentration has developed, leading to regions with a smaller interbilayer 
repeat spacing.  
 
Previous experiments [81] on lipid samples at full hydration showed that the technique of 
SANS contrast variation could be used to determine solute concentrations in 
membrane/water/solute mixtures with two phases present. The analysis of such SANS results 
relies on the acquisition of a quantity called the scattering length density, for both a reference 
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sample (pure lipid) and a sample with lipid and sugar. This involves measuring a number of 
samples with the same lipid/sugar composition, but with variable ratios of D2O to H2O. The 
scattering length density is found by determining the solvent that has the same scattering 
length density as the solute. Using literature values to calculate the scattering length density of 
the solvent at this composition allows the determination of the scattering length density of the 
solute. With these values of the solute scattering length densities, one then proceeds with the 
analysis. This analysis is explained in section 4.2, and the results are presented in section 4.3. 
 
4.2 Contrast Variation Background and Theory  
 
Neutrons are scattered by interactions with the nuclei in a sample [130]. This interaction is 
expressed by the scattering length b, which corresponds to the amplitude of the scattered 
waves relative to that of the incident wave [131]. For X-rays the scattering power of an atom 
is proportional to the atomic number, as X-rays are scattered by electrons. For neutron 
scattering however, there is no correlation between atomic number and scattering length 
[130]. The scattering length also varies for isotopes of the sample element, a feature that is 
utilised in contrast variation.  Scattering lengths can be complex, with the imaginary 
component corresponding to absorption [132]. Although scattering length is usually positive, 
it can be negative, which indicates a phase change in the scattered wave relative to the 
incident wave [131]. 
 
For small angle scattering it is common to use an average of the scattering lengths for all the 
nuclei in a sample, called the scattering length density ρ which is given by; 
 
∑= coh
1 b
V
ρ  4.1 
 
where bcoh is the coherent scattering length of all nuclei in the sample volume V. 
 
Generally, samples are comprised of different nuclei, each with varying scattering lengths. 
Isotopes of the same element also have different scattering lengths, as do isotopes with 
nuclear spin, for which the scattering length varies whether neutron and nuclear spins are 
parallel or antiparallel [132]. These variations of scattering lengths in a sample lead to 
variations in the phase of the scattered neutrons which results in both coherent and incoherent 
scattering. Interference of the scattered neutron waves results in coherent scattering, whereas 
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incoherent scattering is a result of the relative phases of the scattered neutron waves being 
random, in which case interference does not occur.   
 
The scattering cross section is the total number of neutrons scattered per second divided by 
the number of incident neutrons per cm2 per second and is in units of the barn  
(1 barn = 10-24 cm2). For an individual isotope the coherent scattering length bcoh is equal to 
the scattering length averaged over neutron and nuclear spin states, b . The coherent scattering 
cross section is given by [131, 132]; 
 
222
cohcoh 4OR44 bbb pipipiσ ==  4.2 
 
The total scattering cross section is given by; 
 
2
total 4 bpiσ =  4.3 
 
The incoherent scattering cross section is then given by the difference between σtotal and σcoh; 
 
cohtotalinc σσσ −=  4.4 
 
and is given by; 
 





−=
222
incinc 44 bbORb pipiσ  4.5 
 
The scattering lengths and cross sections of Hydrogen and Deuterium are shown in table 4.1.  
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Isotope Natural 
Abundance 
Coherent 
Scattering 
Length 
(fm) 
Incoherent 
Scattering 
Length 
(fm) 
Coherent 
Scattering 
Cross 
Section 
(barn) 
Incoherent 
Scattering 
Cross 
Section 
(barn) 
Total 
Scattering 
Cross 
Section 
(barn) 
1H 99.985 -3.7406 25.274 1.7583 80.27 82.03 
2H (D) 0.015 6.671 4.04 5.592 2.05 7.64 
 
Table 4.1 Neutron scattering lengths and cross sections for Hydrogen (1H) and 
Deuterium (2H) [http://www.ncnr.nist.gov/resources/sldcalc.html]. 
 
The large difference in the scattering properties of 1H and 2H is particularly useful in soft 
condensed matter applications as biological samples usually contain large amounts of natural 
Hydrogen. These natural Hydrogens (1H) can be substituted with Deuterons (2H) so that 
individual components in a multi-component (macromolecule) sample can be labelled or 
“coloured” by the increased contrast of the Deuterons. At the same time the contrast of 
another component can be manipulated to make it “invisible” to the incident neutrons. This 
technique is generally referred to as specific Deuteration [133].  
 
Solvent contrast variation (also referred to simply as contrast variation) is another useful 
application that utilises the large variation in the scattering lengths of 1H and 2H [131]. 
Consider a sample which contains particles (which is defined as everything other than the 
solvent – in this case lipid membranes and sugars). The scattered intensity depends on the 
contrast of the sample, which is defined as the difference between the scattering length 
densities of the particles and solvent and is given by equation 4.6 [133]; 
 
Sp ρρρ −=∆  4.6 
 
where pρ is the scattering length density of the particle and Sρ is the scattering length density 
of the solvent. The scattering length density of the sample depends on the 2H2O (also referred 
to as D2O or heavy water) content of the solvent. So when the D2O/H2O ratio of the solvent is 
varied, at a particular ratio the scattering length density of the particles will be the same as 
that of the solvent [133]. This scattering length density match point is referred to as the 
contrast match point. In this way a calculation of the scattering length density of the solvent at 
the contrast match point yields the scattering length density of the particles. 
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4.3 SANS Results and Analysis - HMI 
 
Figures 4.1 and 4.2 show the double logarithmic plots of the SANS data obtained from the 
HMI experiments. Data from both the 4 m and 12 m configurations are shown in these graphs. 
Two sample sets were prepared, each with six D2O/H2O ratios for contrast variation. Both sets 
were DPPC at 32.5 % humidity with set 1 (figure 4.1) being without glucose and set 2 (figure 
4.2) having a glucose:DPPC ratio of 0.5. 
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Figure 4.2 Set 1, DPPC at 32.5 % humidity without glucose with varying D2O content (at 
room temperature). The D2O content is given by the legend. 
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Figure 4.3 Set 2, DPPC at 32.5 % humidity with a glucose:DPPC ratio of 0.5, with 
varying D2O content (at room temperature). The D2O content is given by the 
legend. 
 
In figures 4.2 and 4.3 we can see the approximately q-4 Porod-type decay in the low q region, 
indicating the presence for a  smooth interface between the lamellar membranes and water (or 
water:glucose). Although the pseudo-Bragg peak corresponding to the interbilayer reflection 
is just visible at the limit of high q, this is independently measured by SAXS and is not of 
particular interest is these measurements. The broad peak in Figure 4.3 for the 100 % D2O 
sample between (0.3 < q < 0.8) nm-1 is of unknown origin6. This data is not used in the 
following analysis. 
 
The main observation one makes from the data is that the slopes of the curves in the low q 
region are all similar, but that the intensities vary by several orders of magnitude as the ratio 
of D2O to H2O is varied. However, the relationship between D2O concentration and scattered 
intensity is not entirely linear. In figure 4.2 the scattered intensity decreases with D2O 
                                                 
6
 One possible explanation is that this peak is due to the presence of a ripple phase, as it 
corresponds to the ~ 125 Å ripple repeat distance [134-135] . This may be due to a solvation 
effect with pure D2O, resulting in a shift in the phase boundary. Due to lack of beam time we 
are unable to investigate this further.  
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concentration until 20 % D2O where the intensity is comparable with the background noise. 
At 0 % D2O however, the intensity increases, indicating that the minimum in intensity (the 
contrast match point) occurs between 0 % and 20 % D2O content. In figure 4.3 the 
relationship between D2O ratio and scattered intensity appears to be linear for all ratios. In 
both cases the amplitude of scattered intensity goes through a minimum at a particular 
D2O/H2O ratio, and increases again even as D2O concentration decreases. In order to 
determine at exactly what D2O/H2O ratio the contrast match point (CMP) occurs, we plot the 
square root of intensity from several low q values as a function of the D2O ratio. Figures 4.4 
and 4.5 show these plots for set 1 (figure 4.4) and set 2 (figure 4.5). 
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Figure 4.4 CMP for set 1. The highest D2O ratios are not used as they are a long way 
from the match point. 
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Figure 4.5 CMP for set 2. The highest D2O ratios are not used as they are a long way 
from the match point. 
 
As can be seen from this representation, for each q value the square root of intensity decreases 
approximately linearly with decreasing D2O, and a line of best fit can be determined. As can 
be seen, all the lines of best fit intersect zero at the same point in each figure. Although the 
individual fits are not always very good (particularly for the 0.2 D2O:H2O ratio data in figure 
4.4, where there is virtually no contrast), the fact that they all intersect at the same zero 
contrast point indicates that the data are valid. 
 
The zero contrast point (the point where the linear fits intersect at zero) is known as the 
Contrast Match Point (CMP) and corresponds to the D2O concentration at which there is no 
contrast between the particles and the solvent. As a preliminary observation we can see that 
the CMP for the pure DPPC sample is 0.17 (figure 4.4), but deceases to 0.086 for the DPPC 
with glucose sample (figure 4.5). This means for example, that at the CMP the Scattering 
Length Density (SLD) for the lipid in the pure lipid sample is equal to that of a solvent 
comprised of 17 % D2O and 83 % H2O while the SLD of DPPC/glucose is equal to that of a 
solvent of 8.6 % D2O. The SLDs of these two solutions can be calculated (e.g. using the NIST 
(National Institute for Standards and Technology online SLD calculator 
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(http://www.ncnr.nist.gov/resources/sldcalc.html)). This yields the values for the SLD of the 
pure lipid, the DPPC/glucose and deuterated glucose (C6D7O6H5) shown in table 4.2. 
 
Sample Scattering Length Density (Å-2) 
pure DPPC (measured) 6.22 × 10-6 
DPPC/glucose (measured) 3.86 × 10-8 
deuterated glucose (C6D7O6H5) (calculated) 5.29 × 10-6 
 
Table 4.2 SLDs for the two SANS samples and deuterated glucose. 
 
With these values we can now proceed with the analytical method used by Demé and Zemb 
[81] to determine whether there is an excluded sugar water phase, and if so, to find the sugar 
concentrations in the lamellar membrane phase and the excluded phase.  
 
At the CMP the scattering contribution from the lamellar membrane region will equal that 
from the excess fluid region, so we can write: 
SSWWSSWWLL ψρψρψρψρψρ ′+′=++  4.7 
 
where ρL, ρW, and ρS are the scattering length densities of the lipid, water and sugar 
respectively; ΨL, ΨW andΨS are the volume fractions of the components in the membrane 
phase and Ψ ’W and Ψ ’S are the volume fraction of the water and sugar in the excluded phase.  
 
The overall volume fraction must equal one: 
 
1SWL =++ ΦΦΦ  4.8 
 
as must the sum of the partial volume fractions in each phase: 
 
1
1
SW
SWL
=′+′
=++
ψψ
ψψψ
 4.9 
 
Also, the water and solute volume fractions must satisfy: 
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 4.10 
 
where δ  is the volume fraction of the membrane phase relative to the total volume.  
 
From the sample preparation the overall mass fractions of lipid, water and glucose are known. 
We use equation 4.11 to convert these to the volume fractions:  
 
WWLLSS
SS
S
vmvmvm
vm
++
=Φ  4.11 
 
Similar equations are used for volume fractions of water and lipid. Where Φi is the volume 
fraction of the sugar, lipid or water (varying ratios of light and heavy water were used), the mi 
are the mass of the sugar, lipid and water in the sample, and the vi are the partial specific 
volumes of sugar, lipid or water (vw for water was calculated for each D2O/H2O ratio). The 
partial specific volume values are shown in table 4.3. 
 
Component Partial Specific Volume (v) (cm3/g) 
Deuterated glucose 0.625391 
DPPC (gel phase) 0.94 
DPPC (fluid phase) 1.005 
100 % D2O 0.909091 
80 % D2O 0.927273 
60 % D2O 0.945455 
40 % D2O 0.963636 
20 % D2O 0.981818 
100 % H2O 1.0 
 
Table 4.3 The partial specific volumes (v) used in equation 4.11 (the partial specific 
volume is equivalent to the inverse of density). 
 
Using these values, the volume fractions for the samples used here are presented in table 4.4. 
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Sample 
Volume Fraction 
Lipid (ΦL) 
Volume Fraction 
Water (ΦW) 
Volume Fraction 
Sugar (ΦS) 
Pure lipid 0.633 0.367 --- 
Glucose/lipid 0.437 0.526 0.037 
 
Table 4.4 Overall volume fraction for the pure lipid sample and the glucose/lipid sample 
calculated using equation 4.11. 
 
Next, to calculate ΨW and ΨS we first need to determine ΨL. ΨL = d1/d where d1 is the bilayer 
thickness and d is the repeat spacing (see figure 2.5). The bilayer thickness for DPPC in the 
gel phase at maximum swelling is d1 = 44 Å [54]. The repeat spacing values are obtained 
from the SAXS/WAXS experiments conducted at the APS (see Chapter 5, section 5.1, figure 
5.2). For DPPC at 32.5 % humidity with glucose:DPPC ratio of 0.5, d = 60.2 Å, giving the 
value for ΨL = 0.730.  
 
Manipulation of equations 4.7, 4.9 and 4.10 yields expressions to determine Ψ ’S and ΨS, 
shown in equations 4.12 and 4.13. 
 






−
−
−
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LSS
ρρ
ρρψψψ  4.12 
 
S
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



−
−Φ=′
ρρ
ρρψ  4.13 
 
These values are then used in equation 4.9 to determine the values of Ψ ’W andΨW. Finally, 
equation 4.10 is then used to determineδ . The results are summarized in table 4.5.  
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Partial Volume Fractions Membrane Phase (Ψi) Excluded Phase (Ψ’i) 
Glucose 0.005 0.086 
Lipid  0.730 --- 
Water 0.265 0.914 
Membrane phase volume 
fraction δ  
0.601 
 
Table 4.5 Partial volume fractions of sugar, lipid and water in both the membrane and 
excluded phases. Also shown is the overall volume fraction of the membrane 
phase in the sample. 
 
4.4 SANS Summary 
 
A number of immediate conclusions can be made from the results presented above. First, the 
results show that SANS contrast variation is a viable technique to determine solute 
concentrations in low hydration membrane/water/solute mixtures that contain two phases. 
These results extend the earlier work of Demé and Zemb [81] for samples in excess water. 
Second, the glucose concentrations in both the membrane and excluded phases have been 
determined. The glucose concentration (relative to water content) was found to be higher in 
the excluded phase (0.086) than in the membrane phase (0.019), compared to the overall 
glucose volume concentration of 0.066 (this is relative to water content and is not the same as 
SΦ  which is relative to the whole sample). This shows that glucose is excluded from between 
the membranes to an external glucose/water phase in which the glucose concentration is 
greater than in the membrane phase.  
 
This has significance for two reasons; first, in proving the existence of the excluded phase in 
this sample we help confirm our speculation regarding the exclusion of sugars being 
responsible for the observations made in the DSC analysis and the breakdown in the 
theoretical model. Second, with reference to the debate regarding the role of sugars in the 
reduction of Tm (gel-to-fluid phase transition temperature) we have shown for the first time 
that not only do large solutes (such large molecules and polymers) become excluded during 
dehydration [50, 51], but even small solutes such as glucose molecules can be excluded as the 
concentration increases. However it is shown that while exclusion of small solutes does occur, 
solutes also remain between the membranes in sufficient concentrations for the osmotic and 
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volumetric effects described by the HFE to come into play. The presence of these solutes 
between the membranes also helps confirm that it is possible for vitrification of small solutes 
to occur between the membranes and thus effect Tm. It should be noted that experiments 
conducted here used only glucose. However in chapter five it is shown that both sucrose and 
glucose have similar effects, and there is strong evidence to suggest that sucrose is excluded 
in a similar manner. This will be discussed further in chapter five.    
 
Although these SANS results provide quantatitive evidence that small solutes are being 
excluded into external microphases7, in order to determine whether solutes in the membrane 
phase are between the membranes or in between the individual lipids, further structural 
measurements using SAXS/WAXS are necessary. These measurements will help clarify 
which of the two models can accurately describe how the solutes affect membrane phase 
behavior. 
 
                                                 
7
 It should be pointed out that further SANS experiments were conducted at AUSANS at a 
range of hydrations and sugar concentrations in order to expand these results. Unfortunately, 
due to the low flux and high incoherent scattering, similar analysis to that carried out above 
could not be carried out on these data. More detail on the AUSANS experiments can be found 
in appendix C. 
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Chapter 5 
Effects of sugars on bilayer structural parameters 
measured using SAXS/WAXS 
 
5.1 Introduction 
 
In this chapter, the results of an extensive series of SAXS/WAXS measurements are presented 
and analysed. The goal of these experiments was to provide structural measurements to 
complement the data obtained from DSC and SANS. The structural measurements obtained 
by SAXS/WAXS can confirm the phase of the sample as well as infer solute location. DPPC 
mixed with either glucose or sucrose was studied as functions of humidity and sugar ratio. In 
the case of glucose all measurements were carried out at room temperature, where the lipids 
are in the gel phase - the repeat spacing data are also used in the analysis of the SANS 
experiments. For sucrose, the samples were studied over a temperature range in order to study 
the effects of the sucrose on the gel-fluid transition. Given the size difference between glucose 
(monosaccharide) and sucrose (disaccharide) one might expect that each sugar type would 
have a different effect on the physical parameters of the bilayers, as they do on the phase 
transition temperatures [50]. This investigation will allow a quantitative measurement of any 
differences. 
 
For these measurements, the SAXS/WAXS instrument on the ChemMatCars (Chemistry and 
Materials science Consortium for Advanced Radiation Sources) beamline (see section 2.6) 
was used as it has a number of advantages over lab based SAXS instruments – as well as 
having significantly higher flux, the instrument is quite “tuneable”. By being able to 
manipulate both the wavelength of the source and the sample to detector distance, an 
appropriate q range was selected to facilitate the simultaneous measurement of both the repeat 
and intralipid spacings (see figure 5.1). Details of the experimental set-up and techniques are 
described in detail in chapter 2 section 2.6. The structural parameters that can be obtained 
directly from the data are the repeat spacing and the intralipid spacing, and from these other 
parameters can be determined. Figure 5.1 shows a schematic of two lipid bilayers showing 
some of the structural parameters that can be used to characterise them. 
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A = cross sectional area per lipid 
 
VL = Volume per lipid 
 
VW = Volume of water per lipid 
VW 
VL 
A 
d - water 
d - lipid 
d - repeat 
d - intralipid 
 
 
Figure 5.1 A schematic representation of two lipid bilayers and some of the physical 
parameters which can be used to define them. Note that the interface between 
the lipid and water regions is the density weighted average interface, and does 
not correspond to the end of the lipid head groups (as discussed in section 
2.5). 
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5.2 Structural effects of glucose 
 
A complete set (comparable to the set used for DSC) of glucose:lipid samples was studied at a 
range of humidities (0.1 % - 91 % RH) and sugar ratios (0.1 – 1.0 molar ratios) at room 
temperature. Figures 5.2 and 5.3 show typical examples of intensity versus scattering vector 
(q) plots for two sets of data, one at constant humidity (figure 5.2) and one at constant 
glucose:lipid ratio (figure 5.3).8  
 
In figure 5.2 at low q ( q < 0.06 Å-1) one can observe the primary Bragg peak corresponding 
to the repeat spacing and at slightly higher q the 2nd, 3rd, 4th and 5th order peaks can also be 
seen. At q of approximately 1.5 Å-1 another individual peak can be seen, corresponding to the 
intralipid spacing. In this figure it can be seen that varying the glucose ratio of the samples 
has little effect on the shape or position of the intalipid peak. There is however, a slight 
variation in the repeat spacing peaks and their corresponding higher order reflections. The 
peak positions of all the samples are discussed in more detail in figures 5.4 and 5.5. 
 
 
 
                                                 
8
 In both figures 5.2 and 5.3 the y-axis values of each trace are offset to enable a clearer 
comparison. 
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Figure 5.2 Intensity versus scattering vector plots at constant RH (13 %) with varying 
DPPC:glucose ratio (at room temperature). The DPPC:glucose ratios of the 
samples are given in the legend. 
 
In figure 5.3 the effect of RH on the samples is more obvious. The shape of the intralipid peak 
appears to change as RH increases. The tip of the peak becomes more pronounced and shifts 
slightly to lower q. This observation is consistent with the results of all DPPC:glucose ratios 
at high RH and indicates a more structured ordering of the lipid head groups at high water 
contents.  
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Figure 5.3 Intensity versus scattering vector plots for samples at constant DPPC:glucose 
ratio (1.0) with varying RH (at room temperature).  The RH of the samples is 
given in the legend. 
 
For each data set, primary interbilayer and intralipid repeat spacings were determined by the 
peak locations measured by the Origin program (OriginLab Corporation, Mass, USA). A 
visual inspection of the shape of the intralipid reflections shows that all samples exhibit the 
sharp peak characteristic of the gel phase. The intralipid spacings are plotted in figure 5.4 for 
all glucose:lipid samples.9 At low humidities the intralipid spacings are all ~ 4.15 Å, and at 
the two highest humidities the intralipid spacings are all ~ 4.20 Å, consistent with the 
observations previously discussed regarding figure 5.3. This very small difference (about 1%) 
reflects the reduced compression at the higher hydrations. The variation in intralipid spacing 
is smaller than may be expected, given the effect of compressive stress on the average area 
                                                 
9
 In the following figures, the scale of the y-axis is chosen in order to be consistent with the 
sucrose samples presented in section 5.3, thus allowing a direct comparison. Unless otherwise 
stated, all the peak fits yielded r2 values greater than 0.98 (indicating very good fits). In these 
cases the uncertainties are smaller than the symbols used in the figures. In all cases the lines 
joining the data points serve as a guide to the eye only. 
 79 
per lipid. This is due to a combination of two effects: (i) even a small amount of sugar 
increases the membrane separation sufficiently to reduce the compressive stress; and (ii), the 
intralipid spacing cannot directly be related to the area per lipid due to possible changes in the 
2D packing of the lipids, as evidenced by subtle changes in the shape of the wide angle peak 
(see figure 5.3).More importantly, it is clear that the presence of glucose does not have any 
effect on the intralipid spacing. This supports the idea that the glucose does not insert between 
the individual lipid head groups, even at higher glucose ratios.  
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Figure 5.4 Intralipid spacings for DPPC in the gel phase as a function of humidity. The 
glucose:DPPC ratio of the samples are given in the legend.  
 
The repeat spacings are presented in figure 5.5. A minor reduction in the repeat spacings is 
observed in all the samples between 91 % and 75 % humidity and then no further significant 
reduction is observed as humidity decreases. This is expected, as at 20 °C all of these samples 
are in the gel phase. Once in the gel phase it is not anticipated that the repeat spacings will 
decrease significantly further even as humidity decreases because any excess water has 
already been removed from the intramembranous region. At the highest humidity the repeat 
spacing increases and the difference in repeat spacing between the samples is reduced. This is 
due to the fact that the water makes up a larger fraction of the solution, meaning the glucose 
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has a smaller effect on the repeat spacing. Although the humidity does not have a dramatic 
effect on the repeat spacing, figure 5.5 does show that the presence of the glucose does have 
an effect on the repeat spacings for all humidities below 75 %. There appears to be a 
monotonic increase in the repeat spacing as a function of glucose:DPPC ratio. This indicates 
that there is at least some glucose between the membranes in the gel phase, although it does 
not imply that all available glucose is between the membranes.  
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Figure 5.5 Repeat spacings as a function of humidity. The DPPC:glucose ratio of the 
samples are given in the legend.10  
  
In order to better observe the effects of glucose ratio on the repeat spacings, these data are 
replotted as a function of glucose:DPPC ratio in figure 5.6. This representation highlights a 
number of important features. First the repeat spacings for the 91 % samples are greater than 
all the other humidities due to the membrane swelling at this humidity. In addition samples at 
                                                 
10
 Two data points in figure 5.5 (75 % RH with 0.8 glucose and 75 % RH with 1.0 glucose) 
resulted from inferior peak fits (r2
 
~ 0.95) due to a very slight alteration in the shape of their 
repeat spacing peaks. Larger data markers are used for these two points to account for their 
increased uncertainty. 
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this humidity show less variation with solute ratio. Second, for all the other humidities (75 % 
and below) there is a monotonic increase in repeat spacing of approximately 5 Å between the 
glucose:DPPC ratios of 0.1 and 0.8. Between 0.8 and 1.0 the effect appears to saturate, 
although there is some scatter.  
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Figure 5.6 Data from figure 5.5 plotted as repeat spacings as a function of glucose:DPPC 
ratio.  The humidity of the samples is given by the legend. 
 
Although these results indicate that there is a relationship between solute ratio and the repeat 
spacing, in order to estimate whether all the solute lies between the membranes, we need to 
determine the interlamellar spacing between the lipid bilayers dw as a function of solute ratio. 
 
The interlamellar spacing can not be measured directly, but can be calculated using some 
assumptions. As the total mass of water, lipid and sugar in each sample is known, the volume 
fractions can be calculated. If the sample is homogeneous, (i.e. all the solute and water is 
between the membranes), and neglecting the effects of area changes on the lipid thickness, 
then the average interlamellar spacing dw can be determined using equation 5.1: 
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repeatL  w d  )-(1 d ×Φ=  5.1 
 
where dw is the interlamellar spacing between lipid bilayers, ΦL is the volume fraction of lipid 
in the sample and drepeat is the repeat spacing. The results of such a calculation for dw are 
shown in figure 5.7.  
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Figure 5.7 Calculated interlamellar spacing (assuming no bulk phase present) as a 
function of glucose:DPPC ratio at 20 °C. The humidity of the samples is given 
in the legend. 
 
The first conclusion one can draw from the figure is that the presence of glucose certainly 
increases the interlamellar spacing. With the exception of 91 % humidity, all the samples have 
a interlamellar spacing (dw), at the glucose:DPPC ratio of 0.1, of approximately 5 Å. At this 
distance it is barely physically possible for glucose molecules with average approximate 
diameter of 7.2 Å [128, 136, 137] to be between the membranes11. In addition, the increase in 
                                                 
11
 Clearly a glucose molecule is not a sphere, however the orientationally averaged diameter is an accepted 
measure of its size. 
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dw for the lower humidities is relatively small, and similar for all humidities. However, we 
know from their effect on the transition temperatures, that the glucose molecules must be 
between the membranes. Thus Figure 5.7 shows that the main assumption inherent in 
equation 5.1 (that all the sugar and water is between the membranes) cannot be true. In other 
words, at least some of the glucose (and water) must be excluded. These results are analysed 
further, in combination with the SANS results, in chapter 7.  
 
5.3 Structural effects of sucrose 
 
The effects of sucrose ratio on bilayer structure were studied as functions of both relative 
humidity (RH) and temperature. Experiments were conducted at 10 °C increments between 20 
°C (gel phase) and 70 °C (fluid phase) to observe and quantify the effects of sucrose ratio in 
both phases. In addition, by making these measurements at a number of temperatures a phase 
diagram was constructed to compare with the DSC transition temperatures. To help identify 
the location of the solutes, we are also interested in observing any difference in the intralipid 
spacing that would indicate the insertion of solutes between the lipid head groups.  
 
The phases of these samples are characterised by the position and shape of both the repeat 
spacing peak and the intralipid spacing peak. Figures 5.8 and 5.9 show two 2-dimentional 
scattering patterns that are typical of DPPC in the fluid and gel phases. Figure 5.8 shows 
DPPC in the fluid phase at 70 °C. The bright reflection nearest to the beam-stop corresponds 
to the primary repeat spacing with two higher order reflections also present. Also visible at 
high q is the peak due to the intralipid spacing, which is quite diffuse. This is characteristic of 
lipids in the fluid phase, and is a result of the random, or fluid-like, arrangement of the lipids 
within the plane of the membrane.  In the gel phase in figure 5.9 (20 °C) the structure of the 
gel phase is evident by the increased definition of both the intralipid and repeat spacing 
reflections and also the increased number of higher order repeat spacing reflections visible.  
 
As with the glucose samples, the data is radially averaged to create 2-D plots of intensity 
versus scattering vector, as shown in figure 5.10 for the two samples in figures 5.8 and 5.9. 
Here the distinction between the two phases is evident. First the intralipid spacing peak is at a 
larger q value, and is much sharper in the gel phase (in blue), relative to the diffuse peak of 
the fluid phase (red). The increased q corresponds to the decrease in the intralipid spacing 
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associated with the compression of the lipids in the gel phase. Second, the primary repeat 
spacing shifts to lower q in the gel phase, corresponding to the increase in repeat spacing as 
the chains of the lipid are elongated. And third, there are more (and stronger) higher order 
reflections for the lipid in the gel phase relative to the fluid phase. 
 
 
 
Figure 5.8 A 2-dimensional x-ray diffraction pattern from DPPC in the fluid phase at  
70 °C. 
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Figure 5.9 A 2-dimensional x-ray diffraction pattern from DPPC in the gel phase at  
20 °C. 
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Figure 5.10 Intensity versus scattering vector for the 2-D diffraction patterns shown in 
figures 5.8 and 5.9. 
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The intralipid and repeat spacings for DPPC at 20 °C with several sucrose:DPPC ratios are 
shown in figures 5.11 and 5.12 respectively 12 . This representation provides a direct 
comparison with the results for glucose in figures 5.4 and 5.5. 
 
Figure 5.11 shows very little change in intralipid spacing (0.1 Å) across the humidity range, 
confirming these samples are in the gel phase. Again, there is no significant effect of sucrose 
ratio on the intralipid spacings. The slight increase in intralipid spacing at higher RH is 
consistent with the results from glucose and is again insignificant compared to the size of a 
sucrose molecule (approximately 8.8 – 10.4 Å diameter [128, 136, 137] ). Hence this graph 
also helps confirm that there does not appear to be any sucrose located between adjacent 
lipids within the bilayer, even at higher sucrose ratios and/or very low humidities.  
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Figure 5.11 Intralipid spacings as a function of humidity at 20 °C. The sucrose:DPPC 
ratio of the sample is given by the legend. 
                                                 
12
 In both figures 5.11 and 5.12 the data from four samples (13 % RH with 0.8 sucrose, 32.5 
% RH with 1.0 sucrose, 57.5 % RH with both 0.8 and 1.0 sucrose) were unusable due to the 
appearance of stray reflections overlapping the otherwise consistent data. This could be due to 
the sample cell being misaligned in the beam or perhaps parasitic scattering from the sample 
holder. The unaffected data for these sucrose:DPPC ratios and RHs are still used and are 
consistent with the rest of the data presented, however in the figures these data are shown as 
point not joined by lines. 
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The results for the lowest three sucrose:DPPC ratios in figure 5.12 are very similar to those in 
figure 5.4, showing the same trends. Again the repeat spacings are slightly higher high 
humidity, and are nearly constant for the lower humidites, with all values being between 58 Å 
and 63 Å. The results for the highest 2 sucrose ratios are however a little different, with data 
below 57.5 % humidity being non monotonic. Also at low hydrations there was a more 
pronounced increase in repeat spacing with the sucrose than was the case with the glucose in 
figure 5.4. This is most likely due to the size difference between glucose and sucrose 
molecules. With sucrose molecules having radii approximately 30% higher than glucose, it is 
logical that that at low hydrations the higher sucrose ratios will provide a larger physical 
separation between the membranes. 
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Figure 5.12 Repeat spacings as a function of humidity at 20 °C. The sucrose:DPPC ratio of 
the sample is given in the legend. 
 
Although the proportionality between the sucrose/glucose ratios and increased membrane 
separation does indicate that there are sugars between the membranes, as with the glucose 
samples, it does not preclude the possibility that some sugar is excluded into discrete 
sugar/water volumes. This is discussed further below.  
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In addition to the experiments at 20 °C, measurements were taken at higher temperatures. 
Selections of these results are shown in figures 5.13 and 5.14. Figure 5.13 shows the repeat 
spacings for DPPC at 30 °C, 50 °C and 70 °C with 3 sucrose:DPPC ratios, 0.1, 0.2 and 0.5. 
Figure 5.14 shows the intralipid spacings for the same samples. In figure 5.13 the repeat 
spacings for the samples at 30 °C (shown in blue) are nearly identical to those at 20 °C (figure 
5.12) as both are in the gel phase. For the 0.1 and 0.2 sucrose:DPPC ratios at 50 °C  (red), at 
humidities up to 57.5 %, the results are also very similar as they are also in the gel phase. 
Above 57.5 % however, these samples are in the fluid phase, which is apparent by the lower 
repeat spacing below 75 % humidity. At 91 % humidity the difference in phase is less 
apparent with nearly maximum swelling in the membrane at this humidity. With the exception 
of the sample at 0.1 % humidity with 0.1 sucrose, which is in the coexistence region, all of the 
70 °C samples (shown in green) are in the fluid phase. Again, at 91 % humidity the difference 
in phase is not apparent by the repeat spacing at this humidity. For the fluid phase, as 
humidity decreases however the change in the membrane separation is more obvious. Below 
approximately 60 % humidity the difference in repeat spacing between the two phases 
remains nearly constant at ~10 Å. At all three temperatures there is a subtle increase in 
membrane separation in both phases, which is proportional to the sucrose ratio. 
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Figure 5.13 Repeat spacings as a function of humidity for DPPC at three different 
temperatures, 30 °C, 50 °C and 70 °C. Traces of the same colour are of equal 
temperature with the shape of the data marker corresponding to the 
sucrose:DPPC ratio, both of which are given in the legend.  Data markers that 
are unfilled indicate samples that are in the gel phase. Yellow filled markers 
indicate samples in the fluid phase and pink indicates coexistence.  
 
The change in phase is much more obvious in the intralipid spacings shown in figure 5.14 
with 0.30 Å difference in the intralipid spacings between the gel and fluid phases. In figure 
5.14 we can also see that regardless of hydration and phase, the ratio of sucrose still has no 
effect on the intralipid spacings. This shows that in both the gel and fluid phases sucrose is 
not located between adjacent lipids within the bilayer.  
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Figure 5.14 Intralipid spacings as a function of humidity for DPPC at three different 
temperatures, 30 °C, 50 °C and 70 °C. Traces of the same colour are of equal 
temperature with the shape of the data marker corresponding to the 
sucrose:DPPC ratio, both of which are given in the legend Data markers that 
are unfilled indicate samples that are in the gel phase. Yellow filled markers 
indicate samples in the fluid phase and pink indicates coexistence.  
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Figures 5.15 and 5.16 show the repeat spacings for DPPC at 20 °C and 70 °C respectively, as 
functions of sucrose:DPPC ratio. Figures 5.17 and 5.18 show the intralipid spacings for the 
same samples. Note that at 70 °C only the results from three glucose:DPPC ratios are 
available. In all four graphs there is more variability in the results for the samples at high 
humidity due to the excess water in the samples which is consistent with the preceding 
graphs.  The effect of sucrose ratio on the repeat spacings in the gel phase (figure 5.15) is 
clear (except at high humidity), with an average increase of approximately 10 Å between the 
glucose:DPPC ratios of 0.1 to 1.0. While in the fluid phase (figure 5.16) the presence of 
sucrose appears to have little influence on the repeat spacings. Presumably this is because the 
increase in the water separation dw due to the sucrose molecules is counteracted by a 
reduction in the lateral pressure, leading to an increase in the area per lipid and a concomitant 
reduction in the lipid thickness. For the results show here it appears that the increase in dw 
balances the reduction in dl, so the overall repeat spacing remains largely unchanged.  
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Figure 5.15 Repeat spacings as functions of sucrose:DPPC ratio at 20 °C. The humidities 
of the samples are given in the legend. As figure results from the same data as 
figure 5.11, the same corrupted data points are omitted. 
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Figure 5.16 Repeat spacings as functions of sucrose:DPPC ratio at 70 °C. The humidities 
of the samples are given in the legend. 
 
Figures 5.17 and 5.18 both show that sucrose ratio has no significant effect on the intralipid 
spacings in either the gel or fluid phases. Again, there is some variability in the results with 
the high humidity samples however this is only of the order of 0.2 Å and is insignificant 
compared to the diameter of sucrose molecules (8.8 – 10.4 Å [128, 136, 137]). Also, in figure 
5.18 the sample at 0.1 humidity and 0.1 sucrose:DPPC ratio (the dark blue circular marker) is 
in the coexistence region between the gel and fluid phases, which accounts for this result 
being 0.2 Å different from the other samples at this humidity. These two figures show again 
that regardless of the phase or humidity of the samples, no solute is penetrating between the 
head groups of the lipids. 
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Figure 5.17 Intralipid spacings as functions of sucrose:DPPC ratio at 20 °C. The 
humidities of the samples are given in the legend. All samples in this figure are 
in the gel phase. 
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Figure 5.18 Intralipid spacings as functions of sucrose:DPPC ratio at 70 °C. The 
humidities of the samples are given in the legend. The sample with 0.1 RH and 
0.1 Sucrose is in the coexistence region, all others are in the fluid phase. 
 
Equation 5.1 is again used to calculate the interlamellar spacing between the lipid bilayers 
(dw), which is then graphed as a function of sucrose ratio in figures 5.19 (20 °C) and 5.20 (70 
°C). Generally, the same observations can be made as in figure 5.7 (dw for glucose). Clearly 
the results are unphysical, as there is no possibility of sucrose molecules between the bilayers 
at low sucrose content. This again indicates that the assumption is not valid, giving further 
weight to the idea that some of the sugar is excluded from between the bilayer into a separate 
sugar/water phase. 
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Figure 5.19 Interlamellar spacing (assuming no bulk phase present) as a function of 
sucrose:DPPC ratio at 20 °C. The humidities of the samples are given in the 
legend. 
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Figure 5.20 Interlamellar spacing (assuming no bulk phase present) as a function of 
sucrose:DPPC ratio at 70 °C. The humidities of the samples are given in the 
legend. 
 
5.4 Determination of the Phase Diagram by SAXS/WAXS 
 
The peak positions, in combination with a visual inspection of the shape of the intralipid 
peaks, enable us to determine the phase of the samples and thus build a phase diagram to 
compare with the DSC transition temperatures. Determining the phase of the samples by their 
structural parameters at equilibrium is more accurate but complementary to the DSC results, 
which do not in themselves determine the phase of the sample. Figures 5.21, 5.22, and 5.23 
show phase diagrams determined by SAXS/WAXS for DPPC with 3 sucrose:DPPC ratios; 
0.1 (figure 5.21), 0.2 (figure 5.22) and 0.5 (figure 5.23). In each of these 3 graphs the 
transition temperatures determined by DSC are also shown in red. In nearly all cases the DSC 
data is in agreement (within the errors as discussed in section 3.1) with the SAXS data.  
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Figure 5.21 Phase diagram determined by SAXS for DPPC with 0.1 sucrose:DPPC ratio in 
comparison with the transition temperatures determined by DSC. The phase of 
each sample is given by shape of its data marker and is shown in the legend. 
The markers in red correspond to the phase transition temperatures 
determined by DSC.  
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Figure 5.22 Phase diagram determined by SAXS for DPPC with 0.2 sucrose:DPPC ratio in 
comparison with the transition temperatures determined by DSC. The phase of 
each sample is given by shape of its data marker and is shown in the legend. 
The markers in red correspond to the phase transition temperatures 
determined by DSC. 
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Figure 5.23 Phase diagram determined by SAXS for DPPC with 0.5 sucrose:DPPC ratio in 
comparison with the transition temperatures determined by DSC. The phase of 
each sample is given by shape of its data marker and is shown in the legend. 
The markers in red correspond to the phase transition temperatures 
determined by DSC. 
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5.5 Static SAXS Summary 
 
First, the phase diagrams determined by SAXS are in good quantitative agreement with the 
DSC results presented in chapter 3, section 3.1.  
 
The results from both the glucose and sucrose samples show that increasing either the glucose 
or sucrose ratios increases the separation between membranes in both phases - the effect is 
greater in the gel phase and at low hydrations, confirming the HFE model regarding the 
volumetric effects of sugars (discussed in chapter 1, section 1.4). Sucrose is observed to have 
a greater effect on membrane separation than glucose at the same ratio, attributed largely to 
the size difference. The graphs of dw versus sugar:DPPC ratio (figures 5.7, 5.19 and 5.20) 
show unphysical results indicating the assumption in equation 5.1 (used to generate these 
figures) that all solute is between the membrane, is not valid. This supports the observations 
made by the SANS experiments that partial exclusion of the sugars is occurring. 
 
The presence of either sugar is shown to have no (significant) effect on the intralipid spacings 
at any humidity, temperature, sugar ratio or phase. This unequivocally shows that small 
solutes of the order of approximately 7 - 10 Å diameter are not included between the head 
groups of adjacent lipids within the bilayer (whose average separation is of order 4 Å). While 
the results here are only for experiments on glucose and sucrose, it has previously been shown 
that other small sugars such as trehalose have very similar effects on membrane phase 
transitions [51, 90]. Exclusion of trehalose has been measured explicitly using the surface 
forces apparatus [90], and exclusion of a range of small sugars has also been inferred from 
calorimetry [50], and water sorption isotherms [49]. In addition, in the absence of a glass 
transition, it has been shown conclusively that sucrose, trehalose and other sugars possess 
very similar properties and that their effect on membrane phase transitions is attributable only 
to their size and solubility. Therefore the weight of evidence suggests that the exclusion 
observed here will apply to any small sugars. This indicates that the suggestion in the WRH 
that sugars maintain lateral separation of the lipids by inserting between them [41, 42, 71, 80], 
can not explain why solutes affect membrane phase behaviour. 
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Chapter 6  
Kinetic SAXS/WAXS  
 
6.1 Introduction  
 
In addition to the static temperature experiments discussed in chapter 5, a series of kinetic 
experiments were also undertaken at the Advanced Photon Source (APS). The goal of these 
experiments was to undertake an investigation into whether humidity, or the presence of 
sugars, influenced the kinetic characteristics of the phase transition, for example the time of 
the transition. For these preliminary investigations the temperature was ramped down and up 
between 70 °C and 20 °C at the default ramp rate (approximately 15 °C/min – this was not 
controlled) whilst taking 1 second exposures every 9 seconds, resulting in an average of 20 
measurements for each temperature scan. Details of the measurements and the temperature 
calibration are given in chapter 2, section 2.6.2. 
 
As with the static experimental data (chapter 5), the kinetic experimental data was first 
processed by the IDL virtual machine software (ITT corp. Colorado, USA) using the 
SAXS15ID application written by David Cookson (ASRP/ChemMatCars). Data was exported 
into Excel (Microsoft corp.) and then imported into Igor Pro software (WaveMetrics inc. 
Oregon, USA) to obtain both the intralipid and repeat spacing peak positions. Experiment 
number was converted to temperature using thermocouple data stored in the log file then 
adjusted using the temperature calibration previously discussed. Sigmoid fits were then 
applied to the data to quantify the effects of both humidity and sucrose:DPPC ratio on the 
characteristics of the transitions. 
 
6.2 Kinetic SAXS/WAXS Results and Analysis 
 
Figure 6.1 shows a typical example of a set of intensity versus scattering vector (q) plots for a 
DPPC sample as temperature is scanned down from 70 °C to 20 °C. The scans are displayed 
with 70 °C at the rear of the figure, down to 20 °C at the front. At either of the temperature 
extremes the plots are very similar to those presented in figure 5.10 showing plots from both 
the gel and fluid phases and the same observation in the changes in the structure can be made. 
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Now however, in figure 6.1 the structural evolution of the sample between the two phases can 
also be observed. Again, the two areas of interest are the intralipid reflection at approximately 
q = 1.4 – 1.5 Å-1, and the repeat spacing reflection at approximately q = 0.1 Å-1. The structural 
changes in the sample in each phase, and during the transition, are clearly observed. 
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Figure 6.1 An example of a typical series of intensity versus scattering vector plots as 
temperature is scanned down from 70 °C to 20 °C. (DPPC at 13% RH with 0.2 
sucrose:lipid ratio). 
 
To quantify the changes in these two peak positions the Igor Pro software is used to import 
each series of data and determine the location of both peaks.  After the temperature has been 
assigned to each experiment number and then calibrated, a plot is made of the repeat and 
intralipid peak positions as a function of temperature. Figure 6.2 shows an example of such a 
plot.  
 
70 °C  
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Figure 6.2 An example of repeat and intralipid spacings as a function of temperature, 
through the fluid-to-gel transition at ~15 °C /min. The repeat spacings are 
shown by the red data marker, with black data markers showing the intralipid 
spacings. (DPPC at 13% RH with 0.2 sucrose:lipid ratio). 
 
The data are presented in this way to show that the changes in both peak positions is 
consistent, and that the inflection points of both curves agree. However, as the intralipid peak 
position gives primarily phase information of which we are already in possession, and as this 
data always mirrors the repeat spacing data, the intralipid data are not considered for further 
analysis.  
 
6.2.1 The Sigmoid Function 
 
In order to quantify the change, and the rate of change, in the repeat spacings with respect to 
temperature, sigmoid fits are made to each set of repeat spacing data. The simple form of the 
sigmoid function is given by. 
te
tP
−+
=
1
1)(  6.1 
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When graphed the sigmoid function is characterised by an “S” shaped curve as shown in 
figure 6.3. 
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Figure 6.3 A graphical representation of the general form of the sigmoid function with 
characteristic width of unity. 
 
This form assumes that the inflection point is at x = 0 and that the function goes from zero to 
one. The generalized form of the sigmoid function as used here is of the form; 
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For the purposes of our analysis the two parameters of interest are m and r, representing the 
change (displacement) in repeat spacing between the two phases, and the rate of change 
(speed) of the transition, respectively. 
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6.2.2 The effects of Sucrose on the Kinetics of the Fluid:Gel Transition 
(Samples at Constant Humidity) 
 
The first set of variable temperature experiments that are presented are on samples at constant 
humidity (13 %) with the sucrose:DPPC molar ratio varying between 0.1 and 1.0. Figures 6.4 
and 6.5 show the repeat spacings for DPPC at 13 % RH while temperature was scanned up 
between 20 °C and 70 °C while cooling (figure 6.4) and while heating (figure 6.5). In both 
figures the data markers show the repeat spacing peak positions with the sigmoid fits shown 
as a solid line in the same colour as the corresponding data markers. 
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Figure 6.4 Repeat spacing for DPPC at constant humidity (13 %) while cooling from 70 
°C to 20 °C. The repeat spacings are given by the data markers and the 
sigmoidal fits with solid lines. The DPPC:sucrose ratio of the samples are 
given by the legend. Note that the experiment ran from right to left in this 
figure. 
 
In figure 6.4 the phase transition is clearly evident in the change in the repeat spacings 
between the fluid phase (large x) and the gel phase (small x). The data are consistent in each 
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phase and throughout the transition. The y-axis offset between each set of data also increases 
consistently with sucrose content, an observation previously discussed in chapter 5. 
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Figure 6.5 Repeat spacings for DPPC at constant humidity (13 %) while heating from 20 
°C to 70 °C. The repeat spacings are given by the data markers and the 
sigmoidal fits with solid lines. The DPPC:sucrose ratio of the samples are 
given by the legend.  
 
In figure 6.5 the results from three DPPC:sucrose ratios are presented. The repeat spacing 
values for each set in figure 6.5 are consistent with those in figure 6.4 in both phases. The 
only discernable difference between cooling (figure 6.4) and heating (figure 6.5) is that the 
mid point of the phase transitions (the inflection points of the sigmoid fits) are consistently 
shifted down by 10 °C. This reduction in the phase transition temperature whilst cooling is 
also observed in the DSC results (chapter 3) and is due to a combination of temperature lags 
and supercooling effects. It should be noted that although the end set point of the temperature 
scan was 70 °C, the samples themselves have not reached this temperature in the time of the 
experiment. As a result the samples appear not to have reached equilibrium in the fluid phase. 
This is particularly apparent in the results from the sample with a DPPC:sucrose ratio of 0.5 
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(green circular data markers). This appears to have affected the parameters of the sigmoid fit 
as at large x the fit has not yet returned to horizontal, thus giving an inaccurate value of the m 
parameter (the y-axis displacement). 
 
Figures 6.6 and 6.7 show the two parameters (m and r) respectively from the sigmoid fits as 
functions of sucrose:DPPC ratio, scanning both up (square, red data markers) and down 
(circular, blue data makers) in temperature. In figure 6.6, which shows the m parameter 
(corresponding to the change in repeat spacing), the cooling data show a clear, and nearly 
linear, increase with increasing sucrose ratio. Given the observations made in chapter 5 
regarding the relationship between repeat spacing and sucrose ratio, this is not a surprising 
result. The static data presented in chapter 5 showed that the presence of sucrose led to an 
increase in repeat spacing and that this effect was more pronounced in the gel phase than the 
fluid phase (this is also visible in figure 6.4). The logical result of these two observations is 
that the difference in repeat spacing between the two phases should increase with sucrose 
content, as observed in figure 6.6. The results of the heating data are consistent with this, with 
the exception of the 0.5 sucrose:DPPC data (for reasons previously discussed) . However, if 
one takes some simple measurements by eye from figure 6.5 one can see that the repeat 
spacings for this sample are approximately 64 Å in the gel phase and 52 Å in the fluid phase, 
giving a difference of approximately 12 Å which is exactly consistent with the cooling data. 
Heating data for the lower two sucrose:DPPC ratios were not obtained due to time constraints. 
 
Figure 6.7 shows the r parameter (corresponding to the speed of the transition) as a function 
of the sucrose content of the samples. Within the scatter, there appears to be no systematic 
trend, indicating that the ratio of sucrose has little effect on the speed of the phase transition, 
at least for the ramp rate used here (~15 °C /min). There are no significant trends to be 
observed in figures 6.6 and 6.7, so further analysis of the data is not warranted without a more 
extensive data set 
 
 107 
 
0
2
4
6
8
10
12
14
16
18
20
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Sucrose:DPPC ratio
m
 
-
 
pa
ra
m
et
er
 
(Å
)
Contant Humidity DOWN
Contant Humidity UP
 
Figure 6.6 m – parameter from the sigmoid fits for DPPC at constant humidity (13 %). 
The direction of the temperature scan is given by the legend. 
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Figure 6.7 r – parameter from the sigmoid fits for DPPC at constant humidity (13 %). The 
direction of the temperature scan is given by the legend. 
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6.2.3 The effects of Humidity on the Kinetics of the Fluid:Gel Transition   
(Samples at Constant Sucrose Molar Ratio)  
 
In the second set of experiments the effects of sample humidity on the kinetic characteristics 
of the gel:fluid transition were investigated by using a set of constant sucrose:DPPC ratio 
(0.5) samples with varying humidity. Figures 6.8 and 6.9 show the repeat spacing peak 
position as functions of temperature for samples ranging in humidity from 0.1 % to 91 %, 
scanning both up in temperature (figure 6.9) and down (figure 6.8). In addition a sample was 
prepared in excess water and is labelled “XS” in the following figures. In figures 6.8 and 6.9 
the repeat spacings are shown by the data markers and the sigmoid fits with solid lines. 
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Figure 6.8 Repeat spacing for DPPC at constant sucrose:DPPC ratio (0.5) while cooling 
from 70 °C to 20 °C. The repeat spacings are given by the data markers and 
the sigmoid fits with solid lines. The RH of the samples is given by the legend. 
Note that the experiment ran from right to left in this figure. 
 
The results for samples up to 57.5 % humidity in figure 6.8 appear consistent in both phases 
and have good sigmoid fits. In comparison with the data in figure 6.4 there is less variation in 
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the repeat spacings between the samples in either phase. As these samples all have the same 
sucrose ratio this is the expected result and is consistent with observations made in chapter 5. 
However the highest humidity samples show a completely different behaviour which was not 
observed in the static experiments. The repeat spacings for the three highest humidities all 
increase temporarily during cooling before decreasing again, finally ending at a slightly 
higher value in the gel phase than the fluid phase. The warming curves (figure 6.9) shows 
similar trends (with the same offsets discussed earlier). 
 
Due to this behaviour, sigmoid fits can not be attempted for these three samples. This 
observation, which has not previously been made, suggests that there may be a transfer of 
water and sucrose into the intramembranous region during the transition, before being 
expelled as the sample approaches equilibrium in the gel phase.  
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Figure 6.9 Repeat spacing for DPPC at constant sucrose:DPPC ratio (0.5) scanning up 
in temperature from 20 °C to 70 °C. The repeat spacings are given by the data 
markers and the sigmoid fits with solid lines. The RH of the samples is given by 
the legend. 
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Figure 6.10 and 6.11 show the sigmoid fit parameters (m and r) from figures 6.8 and 6.9 
respectively, for samples up to a humidity of 57.5 %. In either case there appears to be no 
significant effect of humidity in either of the kinetic parameters. 
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Figure 6.10 m – parameter from the sigmoid fits for DPPC at constant sucrose:DPPC ratio 
(0.5). The direction of the temperature scan is given by the legend. 
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Figure 6.11 r – parameter from the sigmoid fits  for DPPC at constant sucrose:DPPC ratio 
(0.5). The direction of the temperature scan is given by the legend. 
 
6.3 Kinetic SAXS/WAXS Summary and Discussion 
 
The relationship between repeat spacing displacement across the transition and sucrose 
content observed here, although interesting, is a logical outcome of the observations made 
from the static-temperature data in chapter 5. These parameters appear also to be unaffected 
by the hydration of the sample, up to a point. The only unusual result observed is the 
behaviour of the high humidity samples during the transition, where the repeat spacings of all 
three samples unexpectedly, but consistently, increased during the transition. In the 
coexistence region, the lateral compressibility of membranes is greatly increased (their area 
modulus is greatly diminished), which can significantly increase the permeability. This may 
encourage mixing at these temperatures, redistributing water and/or sucrose between the 
intermembraneous and excluded microphases during the transition, and explain the high 
hydrations observed in figures 6.8 and 6.9 
 
The main conclusion from this investigation is that the hydration (humidity) and sucrose 
content appear to have little, if any, influence on the kinetic behaviour of the gel:fluid phase 
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transition for DPPC for the scan rate used in this study.  The presence of sucrose is shown to 
have no discernable effect on the rate, or speed, of the transition. Given the high viscosities of 
the sugar/water mixtures (and in some cases the presence of a glass13) this is somewhat 
surprising. 
 
The experiments and analyses used for these experiments, although appropriate for an 
introductory investigation, are quite rudimentary 14 . Although temperature was measured 
during the experiments there was no facility for controlling the ramp rate of the temperature. 
In some cases, particularly when scanning up in temperature, this has resulted in an uneven 
distribution of data points across the x-axis, with fewer measurements taken in the region of 
interest (during the transition). Also, in some of the warming scans the samples appear not to 
have reached equilibrium in the fluid phase which certainly affected the accuracy of the 
sigmoid fits. The temperature should have be set to a higher point, at least 80 °C, to give the 
samples time to undergo the transition. Some of these problems could be addressed by the use 
of an in-situ DSC stage. With such a device the sample temperature would be much more 
accurately controlled and measured in addition to being able the control and manipulate the 
ramp rate of the temperature. There would also be the added benefit of the simultaneous DSC 
determination of the transition temperature and enthalpy of the transition. The findings in this 
study pertain to only one scan rate which is much faster than the cooling rates found in nature. 
As such it would be necessary to conduct similar experiments at much slower scan rates 
before the conclusions made in this study could be extended to natural systems.  
 
 
 
 
                                                 
13
 Note that the object of this research was to avoid as much as possible the effects of glasses 
on the phase transition, and focus on the physical and volumetric effects of solutes. The 
choice of lipid (DPPC) and sugars (glucose and sucrose rather than trehalose, which has a 
higher Tg), means that vitrification does not occur above the transition temperature of DPPC 
except (possibly) at the very lowest hydrations, and so vitrification does not play a role in the 
effects studied. 
14
 As further access to synchrotron facilities was not possible during the tenure of this thesis, 
further experiments could not be carried out. 
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Chapter 7 
Summary 
 
7.1 The location and exclusion of solutes near membranes at low 
hydration.  
 
On the subject of the effects of sugars on the (lamellar) phase transitions of phospholipid 
bilayers, there is little left to question. The DSC and SAXS results presented here represent 
the most comprehensive phase diagram for DPPC as functions of hydration and sugar content. 
The results unequivocally show that there is a monatonic relationship between sugar ratio and 
phase transition temperature. These results confirm and extend previous work. 
 
The SAXS results show a similar monatonic relationship between the structure of the bilayers 
(repeat spacing) and sugar ratio, for two different sugars, over the same range of sugar ratios 
as the DSC. What questions remain pertain only to the function and location of the sugars 
during the phase transition and at low hydrations.  
 
When considering the location of solutes in phospholipid bilayers at low hydrations we have 
evidence from three independent experimental techniques to show that small solutes are 
located between the membranes up to a certain solute ratio, and that the addition of further 
solute results in the exclusion of the solutes from the intermembranous volume into external 
solute/water microphases. The DSC results show that the effects of the solute (sucrose) 
plateau at a solute:lipid molar ratio between 0.5 and  0.8, after which the addition of further 
solute has no further effect on the transition temperatures. This provides the first qualitative 
indication that there is a limiting effect that the sugar can impart and that some sort of 
“saturation” solute concentration may exist. When the DSC data are compared to results 
predicted by the HFE model (see figure 3.7), the results are in agreement for the pure lipid 
samples and for samples with solute molar ratios up to approximately 0.5. The theoretical 
curves in figure 3.7 are derived from equation 3.7, which assumes that all solute is located 
between the membrane bilayers. The breakdown of this model at the same solute molar ratio 
as that where the DSC results plateau, confirms the idea that that not all the solute is located 
 114 
between the membrane bilayers, i.e., partial exclusion of small solutes is starting to occur at 
intermediate (0.5 – 0.8) solute : lipid molar ratios.  
 
The monatonic relationship between solute ratio and the repeat spacings shown by the static 
SAXS results unequivocally show that some of these small solutes (glucose and sucrose) are 
located between the membrane bilayers. The effect of the sugars on the repeat spacing is more 
pronounced with sucrose, indicating that the size of the solute is influencing the membrane 
separation, consistent with the predicted volumetric effects described in the HFE. Although 
the SAXS results prove that solutes are in the intermembranous region they also show that not 
all of the solute in the sample can be located in this region. To confirm this, equation 5.1 was 
used to plot the water (water plus solute) spacing between the membranes. Like equation 3.7, 
equation 5.1 also assumes all solute is in this intermembranous region however when it is 
applied to the experimental results it yields unphysical results for both glucose (figure 5.7) 
and sucrose (figures 5.19 and 5.20) indicating that this assumption is not valid. Thus both 
DSC and SAXS show that although small solutes are located between the membrane bilayers, 
there is always a fraction which is partially excluded. Finally, the SANS contrast variation 
experiments provided quantitative proof that exclusion of small solutes is occurring, and 
allowed for the calculation of the concentrations of solutes in the membrane and excluded 
phases. 
 
As discussed in chapter 1, a fundamental premise of the WRH is a specific interaction 
between the solute and the phospholipids, resulting in the inclusion of the solutes between the 
phospholipid head groups. The results from the static SAXS data presented in chapter 5 
confirm that this is not the case for either glucose or sucrose. These experiments show that the 
intralipid spacing is not at all influenced by the type of solutes or the lipid-to-solute ratio, 
indicating that neither of these small solutes is being included between the lipid head groups. 
This is true in either the gel or fluid phase at any hydration and at any solute ratio. These 
results are significant as they provide the final proof that the WRH cannot explain the ability 
of sugars to reduce the phase transition temperature of phospholipids. 
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7.2 Conclusions 
 
A comprehensive phase diagram for DPPC as a function of sucrose ratio and hydration has 
been determined, the results of which are verified by two experimental techniques (DSC and 
SAXS). It has been shown that there is a monotonic relationship between sugar ratio and 
transition temperature of DPPC over a defined sugar ratio and that over the same solute range 
there is also a corresponding monotonic change in the interlamellar membrane spacing. It has 
been shown that the HFE model, with the simplest possible set of assumptions, provides both 
a quantitative description of the effect of sugars on the  phospholipid gel-fluid phase transition 
temperature as well as a qualitative description of the effect of sugars on  the interlamellar 
membrane spacing. This model is quantitative up until approximately 0.5 sucrose molecules 
per lipid. It has been demonstrated that sugars are partially excluded into a separate 
sugar/water phase which coexists with the bilayer phase. This effect is observed over the 
whole range of sugar ratios and hydrations. Once this exclusion is taken into account, the 
HFE model is quantitative over the whole range of sugar ratios. 
 
The wide angle data from the SAXS experiments definitively show that neither sucrose nor 
glucose is included between the lipid headgroups. This is evident over all solute ratios 
between 0.1 and 1.0 sugars per lipid, over all RH between 0.1 % and 91 %, and in both the 
fluid and gel phases. This is contradictory to a fundamental premise of the WRH and shows 
that the WRH is an unlikely explanation for the effects of solutes on membrane phase 
transitions.  
 
Finally, I have presented the first comprehensive study of the effect of solutes on the kinetics 
of the fluid – gel transition of DPPC over a range of both hydration and solute ratio. These 
experiments showed that solute ratio has no significant effect on the speed of the fluid – gel 
transition for the scan rate used in this study.  
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7.3 Suggestions for further work 
 
There are a number of areas for further research that are suggested by this work. 
 
• Although the work presented here is complete in itself, and the effects of sugars on the 
gel-fluid phase transition are now well understood, it would be beneficial to obtain 
SANS data at several hydrations and sugar contents to be able to make quantitative 
predictions of the amount of exclusion. The main difficulty here is obtaining sufficient 
neutron beam-time - for example, a particular RH and sugar ratio requires a set of 6 
samples, each with varying D2O:H2O concentration. With each sample set requiring 
up to 24 hours beam-time, obtaining data over a range of RH and sugar ratios requires 
more beam-time than is usually allocated.  
 
• The lamellar phase transitions of phospholipids are now well understood, and with the 
addition of the results from this thesis, so are the effects of RH and sugar ratio on 
these lamellar phase transitions. The non-lamellar (eg inverse hexagonal) transitions 
however, have received far less attention and are hence less well understood, as are the 
effects of both RH and sugar ratio on these non-lamellar transitions. It would therefore 
be both interesting and pertinent to our understanding of dehydration damage to utilise 
similar techniques as those used in this thesis to examine the effects of both RH and 
sugar ratio of the lamellar to hex transition of a phospholipid system. 
 
• The apparent transfer of water/sugar though the membrane at high hydration that is 
suggested by the kinetic SAXS/WAXS data is an observation worthy of further 
investigation. It would also be advantageous to conduct similar kinetic experiments 
with an in-situ DSC stage and with samples that contain vitrified sugars. 
 
• The experiments presented here are on a simple model system, and as such the 
relevance to dehydration damage in whole organs or organisms is always the subject 
of debate. An examination of phase transitions in more complex systems would 
therefore be a logical and natural evolution of the work undertaken in this thesis. 
While some of the techniques used here (eg SAXS) cannot be used on such systems, 
there is potential for the use of SANS (combined with DSC) on more complex 
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systems. Combining these with solid state NMR methods could also prove fruitful for 
trying to understand the protective role of sugars in complex systems. 
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Appendix A 
A typical command line to conduct an automated temperature 
controlled SAXS experiment on the Bruker NanoStar. 
 
GONIOMETER /TEMP 20.0 /RAMP=20.0 /HOLD=0 /WAIT 
Wait 10.0 
SCAN /SINGLERUN 1 /START=36.8 /WIDTH=0.0 /SCANTIME=3600 / AXIS=X & 
 /TITLE=test /SAMPLE=DPPC  /NAME=01_1 /RUN=1 /FRAMENO=000 & 
 /DISPLAY=7 /REALTIME /CLEAR 
GONIOMETER /TEMP 30.0 /RAMP=20.0 /HOLD=0 /WAIT 
Wait 10.0 
SCAN /SINGLERUN 1 /START=36.8 /WIDTH=0.0 /SCANTIME=3600 / AXIS=X & 
 /TITLE=test /SAMPLE=DPPC  /NAME=01_1 /RUN=2 /FRAMENO=000 & 
 /DISPLAY=7 /REALTIME /CLEAR 
GONIOMETER /TEMP 40.0 /RAMP=20.0 /HOLD=0 /WAIT 
Wait 10.0 
SCAN /SINGLERUN 1 /START=36.8 /WIDTH=0.0 /SCANTIME=3600 / AXIS=X & 
 /TITLE=test /SAMPLE=DPPC  /NAME=01_1 /RUN=3 /FRAMENO=000 & 
 /DISPLAY=7 /REALTIME /CLEAR 
GONIOMETER /TEMP 50.0 /RAMP=20.0 /HOLD=0 /WAIT 
Wait 10.0 
SCAN /SINGLERUN 1 /START=36.8 /WIDTH=0.0 /SCANTIME=3600 / AXIS=X & 
 /TITLE=test /SAMPLE=DPPC  /NAME=01_1 /RUN=4 /FRAMENO=000 & 
 /DISPLAY=7 /REALTIME /CLEAR 
GONIOMETER /TEMP 60.5 /RAMP=20.0 /HOLD=0 /WAIT 
Wait 10.0 
SCAN /SINGLERUN 1 /START=36.8 /WIDTH=0.0 /SCANTIME=3600 / AXIS=X & 
 /TITLE=test /SAMPLE=DPPC  /NAME=01_1 /RUN=5 /FRAMENO=000 & 
 /DISPLAY=7 /REALTIME /CLEAR 
GONIOMETER /TEMP 70.0 /RAMP=20.0 /HOLD=0 /WAIT 
Wait 10.0 
CAN /SINGLERUN 1 /START=36.8 /WIDTH=0.0 /SCANTIME=3600 / AXIS=X & 
 /TITLE=test /SAMPLE=DPPC  /NAME=01_1 /RUN=6 /FRAMENO=000 & 
 /DISPLAY=7 /REALTIME /CLEAR 
Wait 10.0 
menu 
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Appendix B 
DSC scans for DPPC with varying humidity and sucrose content 
The following figures are printouts obtained directly from the Perkin-Elmer software, the data 
are not accurate to the number of significant figures quoted on the figures. 
 
 
Figure B-1 DPPC, 0.1 % humidity, no sucrose. 
 
 
 
Figure B-2 DPPC, 0.1 % humidity, sucrose:DPPC 0.1. 
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Figure B-3 DPPC, 0.1 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-4 DPPC, 0.1 % humidity, sucrose:DPPC 0.5. 
 
 132 
 
 
Figure B-5 DPPC, 0.1 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-6 DPPC, 0.1 % humidity, sucrose:DPPC 1.0. 
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Figure B-7 DPPC, 5.5 % humidity, no sucrose. 
 
 
 
Figure B-8 DPPC, 5.5 % humidity, sucrose:DPPC 0.1. 
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Figure B-9 DPPC, 5.5 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-10 DPPC, 5.5 % humidity, sucrose:DPPC 0.5. 
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Figure B-11 DPPC, 5.5 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-12 DPPC, 5.5 % humidity, sucrose:DPPC 1.0. 
 
 136 
 
 
Figure B-13 DPPC, 13 % humidity, no sucrose. 
 
 
 
Figure B-14 DPPC, 13 % humidity, sucrose:DPPC 0.1. 
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Figure B-15 DPPC, 13 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-16 DPPC, 13 % humidity, sucrose:DPPC 0.5. 
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Figure B-17 DPPC, 13 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-18 DPPC, 13 % humidity, sucrose:DPPC 1.0. 
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Figure B-19 DPPC, 32.5 % humidity, no sucrose. 
 
 
 
Figure B-20 DPPC, 32.5 % humidity, sucrose:DPPC 0.1. 
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Figure B-21 DPPC, 32.5 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-22 DPPC, 32.5 % humidity, sucrose:DPPC 0.5. 
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Figure B-23 DPPC, 32.5 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-24 DPPC, 32.5 % humidity, sucrose:DPPC 1.0. 
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Figure B-25 DPPC, 57.5 % humidity, no sucrose. 
 
 
 
Figure B-26 DPPC, 57.5 % humidity, sucrose:DPPC 0.1. 
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Figure B-27 DPPC, 57.5 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-28 DPPC, 57.5 % humidity, sucrose:DPPC 0.5. 
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Figure B-29 DPPC, 57.5 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-30 DPPC, 57.5 % humidity, sucrose:DPPC 1.0. 
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Figure B-31 DPPC, 75 % humidity, no sucrose. 
 
 
 
Figure B-32 DPPC, 75 % humidity, sucrose:DPPC 0.1. 
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Figure B-33 DPPC, 75 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-34 DPPC, 75 % humidity, sucrose:DPPC 0.5. 
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Figure B-35 DPPC, 75 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-36 DPPC, 75 % humidity, sucrose:DPPC 1.0. 
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Figure B-37 DPPC, 91 % humidity, no sucrose. 
 
 
 
Figure B-38 DPPC, 91 % humidity, sucrose:DPPC 0.1. 
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Figure B-39 DPPC, 91 % humidity, sucrose:DPPC 0.2. 
 
 
 
Figure B-40 DPPC, 91 % humidity, sucrose:DPPC 0.5. 
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Figure B-41 DPPC, 91 % humidity, sucrose:DPPC 0.8. 
 
 
 
Figure B-42 DPPC, 91 % humidity, sucrose:DPPC 1.0. 
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Appendix C 
 
AUSANS Results 
 
To continue the success of the HMI experiments another, much larger set of samples was 
prepared for two weeks continuous experimentation on the AUSANS instrument at ANSTO, 
Sydney. Having confirmed that SANS contrast variation was successful in determining the 
presence of a separate sugar/water phase in the HMI samples (32.5 % humidity), we were 
interested in quantifying the change (if any) in the sugar concentration in this excluded phase 
as a function of sample humidity. Sixty samples were used at five different humidities, 0.1 %, 
5.5 %, 13 %, 57.5 %, and 75 %, with each humidity having two sets, one with no glucose and 
another with a glucose:DPPC ratio of 0.5. As with the HMI samples, each set had six samples 
with D2O concentrations ranging from 0 % D2O to 100 % D2O. The double logarithmic plots 
for these experiments are shown in figures C.1 to C.10.  
  
Figure C.10 represents the best set of data; having both deuterated glucose and the highest 
humidity, this data had the strongest scattering of the series. The other figures however, show 
very low scattered intensity. Although the general appearance of these graphs is similar to 
those of the HMI data, upon closer inspection we can see some differences. First there appears 
to be no logical correlations between the D2O concentrations and the scattered intensity, so 
when we come to re-graph the square root of intensity as functions of D2O concentration, the 
results are insufficient to obtain CMPs. Although the BER2 reactor at HMI and the HIFAR 
reactor at ANSTO are both 10 MW reactors, differences in the instrumentation and detector 
efficiencies resulted in data that was quite different.  At AUSANS, in many cases, the 
contribution to the total scattering is made up of approximately 50 % background scattering. 
Although the background is subtracted from the sample scattering during the data reduction 
process, the result appears to be unusable data. 
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Figure C.1 0.1 % humidity, pure DPPC. 
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Figure C.2 0.1 % humidity, glucose:DPPC 0.5. 
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Figure C.3 5.5 % humidity, pure DPPC. 
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Figure C.4 5.5 % humidity, glucose:DPPC 0.5. 
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Figure C.5 13 % humidity, pure DPPC.   
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Figure C.6 13 % humidity, glucose:DPPC 0.5. 
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Figure C.7 57.5 % humidity, pure DPPC. 
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Figure C.8 57.5 % humidity, glucose:DPPC 0.5. 
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Figure C.9 75 % humidity, pure DPPC. 
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Figure C.10 75 % humidity, glucose:DPPC 0.5. 
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Appendix D 
 
Publication List  
 
Refereed Journal Articles 
 
Lenné, T., G. Bryant, R. Holcomb and K. L. Koster. How much solute is needed to inhibit the 
fluid to gel membrane phase transition at low hydration? Biochimica et Biophysica Acta 
(BBA) – Biomembranes, volume 1768 (2007), Pages 1019 - 1022. 
 
Lenné, T., G. Bryant, C. J. Garvey, U. Keiderling and K. L. Koster. Location of sugars in 
multilamellar membranes at low hydration. Physica B: Condensed Matter, Volumes 385-386, 
Part 2, 15 November (2006), Pages 862-864. 
 
Refereed Conference Proceedings 
 
Lenné, T., G. Bryant and K. Koster. Quantitative study on the effects of sugars on membrane 
phase transitions – preliminary investigations. Proceedings of 16th Congress of the AIP 
(2005), ISBN 0-9598064-8-2. 
 
Submitted 
Lenné, T., C. Garvey, K. L. Koster and G. Bryant. Insertion of sugars between phospholipid 
headgroups does not occur during dehydration. Submitted to Biophysical Journal April 2008. 
 
In Preparation 
 
Lenné, T., C. Garvey, L. Porcar, K. L. Koster and G. Bryant. Structural changes in membranes as 
a function of hydration in the presence of small solutes. To be submitted to Biochim. Biophys. 
Acta May 2008. 
 
Lenné, T., C. Garvey, K. L. Koster, D. Cookson and G. Bryant. Kinetics of the lamellar gel-
fluid transition in phosphatidylcholine membranes in the presence of small solutes. To be 
submitted to Biochim. Biophys. Acta June 2008. 
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Conference Presentations 
 
International Conference on Neutron Scattering (ICNS) Sydney 2005, (awarded the early 
career poster prize). 
 
42nd Meeting of the Society for Cryobiology. Minneapolis, Minnesota, USA July 24-27, 2005. 
(awarded a student travel bursary from the Society for Cryobiology)  
 
Australian Institute of Physics 16th Biennial Congress. Canberra. Jan 31-Feb 4, 2005. 
 
28th Annual Condensed Matter and Materials Meeting. Wagga Wagga, Feb 3–6, 2004 
 
2nd AINSE Symposium on Small-Angle Scattering and Reflectometry. Sydney, 25th & 26th 
June 2003. (awarded a student travel bursary from AINSE). 
 
